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ABSTRACT
Tessens, Erin. Long Term Recovery from Cattle Grazing Disturbance and Climate
Impacts at Capitol Reef National Park, Utah. Unpublished Master of Science
thesis, University of Northern Colorado, 2021.
Cattle grazing has influenced the environment in the western United States since
European settlement in the 1800’s. Continuous and heavy grazing on arid and semi-arid
rangelands has resulted in decreased biodiversity, changes in vegetation structure, and
vulnerability to exotic plant invasion. Heavy grazing has also been linked to decreased
cryptobiotic soil due to trampling and susceptibility to erosion. With a lack of effective
means of successful habitat restoration, there is a rising concern among land managers to
maintain these intricate systems, notably under the threat of climate change.
Consequently, there is a critical need to understand these system’s response to grazing
pressure and resilience once released from such pressure, especially on a long-term scale.
To address this problem, we studied various attributes (i.e., cryptobiotic soil, vegetation,
and soil properties- among seven exclosure locations on the rangeland of Capitol Reef
National Park, Utah. These exclosures were built in the 1980’s, were monitored for six
years, and have not been observed since initial monitoring from 1984-1989. We found
observable differences when comparing inside versus outside the exclosures under a
variety of grazing histories. Treatment differences included percent ground cover,
vegetation trends, soil stability, and cryptobiotic soil attributes. Additionally, we found
significant changes in these attributes over time. One of the more notable changes was
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that of significant increase in cryptobiotic soil cover over all treatments across the park.
Finally, we found that drought may have an overarching, greater influence over rangeland
communities than grazing or grazing history. Future long-term research on arid/semi-arid
landscapes should further examine the relationship of vegetation and cryptobiotic soil
under both heavy grazing regimes and long-term drought conditions. Greater
understanding of these changes on disturbed lands, especially under the threat of climate
change, will better equip land managers to make sustainable and successful landscape
decisions.
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CHAPTER I
INTRODUCTION TO THE STUDY SYSTEMS: CATTLE
DISTURBANCE, AND RANGELAND
COMMUNITY ATTRIBUTES
Summary
Across the United States, 640 million acres of federal land have been set aside for
public use. Collectively, the National Park Service (NPS), Bureau of Land Management
(BLM), US Fish and Wildlife Service (USFWS), and the US Forest Service (USFS)
manage most of these areas, which are located primarily in the Western United States.
Public lands provide many ecosystem services. Ecosystem services are the benefits to
humans provided by the natural environment and healthy ecosystems. However, tradeoffs
exist that may be prioritized differently to different management agencies. One land
management practice may promote one service, but reduce another, which has led to
conflict (Bennett et al., 2009) on how to utilize, sustain, and restore public lands.
The Colorado Plateau, about 340,000 km2, is located near and around the FourCorners region of Arizona, Colorado, New Mexico, and Utah and is an ecosystem almost
fully within public land that provides multiple ecosystem services. About 75% of the
Colorado Plateau is managed by federal and tribal agencies (Winkler et al., 2018). Being
one of North America’s five major desert ecosystems, its ratio of total annual
precipitation is less than two-thirds of potential evapotranspiration (Yang et al., 2012;
Poitras et al., 2018). Despite water limitation of desert ecosystems, they often support
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high levels of biodiversity with a large variety of endemic plant and animal species
(Stohlgren et al., 2005). Supporting this biodiversity trend, the Colorado Plateau contains
the third greatest number of endemic species across all taxonomic groups in North
America (Daily et al., 1999). In addition, these cool desert ecosystems offer a variety of
ecosystem services, including grazing on 45 million acres of land in Utah alone.
Sometimes overlooked, these ‘services’ (from grazing to recreational hiking) are also
ecosystem disturbances.
The Disturbance of Cattle Grazing
When disturbances occur over a landscape, the community structure and diversity
of an ecosystem changes at all scales (Sousa, 1984). Different disturbance components
such as frequency, size, intensity, and severity can each alter landscape responses and
resilience to disturbance differently. In water-limited ecosystems such as the Colorado
Plateau, recovery is often slow following disturbance (Poitras et al., 2018).
Dryland ecosystems are important in supporting global biodiversity, and also
support the majority of the world’s livestock (Yang et al., 2012). Being the historically
dominate land use in the western United States (Bigelow & Borchers, 2017), cattle
grazing in areas such as the Colorado Plateau have been a point of debate on how to
manage and restore areas experiencing grazing disturbances. In the Colorado Plateau,
there has been a dominate human impact on the landscape due to grazing over the past
two centuries, where overgrazing has led to both short- and long-term negative effects on
soils, cryptobiotic soil crust and vegetation (Cole et al., 1997; Ware et al., 2014).

3

Cryptobiotic Soil Crust
Cryptobiotic soil inhabits the top surface layer of dryland soils. It consists of
cyanobacteria, algae, micro fungi, lichens and bryophytes and soil particles interacting
together (Concostrina-Zubiri et al., 2019). This living soil plays an important role in the
desert community and is associated with higher plant species diversity and richness
(Rosentreter and Root, 2019). Cryptobiotic soil can be the biggest source of limiting
nutrients, such as nitrogen, for desert communities (Belnap, 2002). It is also associated
with greater uptake of other essential elements in plants, such as copper, potassium,
magnesium, and zinc (Harper and Belnap, 2001). Areas covered in cryptobiotic soil have
higher seed numbers and viability of those seeds (Stohlgren et al., n.d.). In addition,
cryptobiotic soil can decrease populations of annual invasive plant species as the lichen
in the crust provides a physical barrier against colonization and expansion (Rosentreter
and Root, 2019). As a physical barrier, it also reduces soil erosion (Belnap & Gillette,
1998).
Cryptobiotic soil crust has many benefits for plant communities, and thus damage
to cryptobiotic soil has become a major concern for land managers. Some of the biggest
threats to cryptobiotic soil health is physical damage and altered climate (Young et al.,
2016). Cover of cryptobiotic soil are shown to be related to disturbances such as invasion
of Bromus tectorum, grazing, and fires (Condon & Pyke, 2018). Loss of cryptobiotic soil
can result in loss of ecosystem function at a larger scale (Belnap, 2002; Condon & Pyke,
2018).
Once cryptobiotic soil is lost, restoration becomes another major issue. Time
required to restore cryptobiotic soils was historically thought to be measured in centuries
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(Belnap & Warren, 2002). However, more recent studies in Australia observed passive
recovery began to stabilize after 20 years, but sites with past grazing stabilized to a lower
cover level (Read et al., 2011). Sites with different types of cryptobiotic soil and other
environmental factors will respond differently. For example, compared to other forms of
lichen, crustose and squamulose lichens are expected to be more sensitive to trampling
(Aquilar et al., 2009). Although there is a recent increase in studies on cryptobiotic soil,
successful restoration and long term recovery trends are unknown (Herrick et al., 2001).
Soil
One important indicator of ecosystem health is soil surface stability as it is
sensitive to complex changes in physical, chemical, and biological processes (Herrick et
al., 2017; Miller, 2005). There is evidence that grazing leads to major changes in physical
properties of soil, including decreasing nutrient availability ( Belnap and Eldridge, 2003;
Hiernaux et al., 1999; Neff et al., 2005). Large ungulates, such as cattle cause physical
soil compaction. This can restrict water filtration, root growth, and activity of
microorganisms (Herrick et al., 2006). Physical disturbance also enables invasive species
to colonize, and sometimes outcompete native species. With fecal pats of cattle have been
found to have higher species richness for annual exotic grasses (Bartuszevige & Endress,
2008), it provides additional introduction to exotic species in these disturbed areas. In
drought years, annual plants often do not germinate. Coupled with lack of root stability,
this leaves the soil barren and vulnerable to erosion (Belnap et al., 2009).
Soil Nutrients
Soil properties on the Colorado Plateau are heavily influenced by their geologic
parent material, tectonic faulting, and aeolian processes. Sedimentary rock, such as
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sandstone, silt, limestone, and shales are the most dominate parent material on this
landscape (Duniway et al., 2016; Reynolds et al., 2006). Desert ecosystems are generally
characterized by little organic matter, low soil moisture, and high alkalinity. (Gaitán et
al., 2018; Noy-Meir, 1973).Studies in areas with urine and dung excreted by livestock
have shown enhanced mineral availability by increasing nitrogen cycling and providing
soluble nitrogen, that is available for plant growth (Holland et al., 1992; McNaughton et
al., 1997). Other studies have found that removal of plants due to overgrazing, which
reduced the topsoil layer due to erosion, and have been the main factors for reduction of
soil organic matter contents and loss of essential nutrients (Oliveira Filho et al., 2019;
Schulz et al., 2016; Tainton et al., 2000. In an arid rangeland excluded from grazing for
17 years, Carbon: Nitrogen, Carbon: Phosphorous, Nitrogen: Phosphorous, and
Phosphorous: Potassium ratios had no variation while Calcium2+ and Potassium+
increased and the Aluminum3+ content in soil decreased with grazing exclusion (Oliveira
Filho et al., 2019). As monitoring techniques based on soil properties quantifying
integrity of nutrient-related processes have not been fully developed (Havstad et al.,
2000), further investigation on changes in soil nutrients may provide novel insight in soil
and vegetation recovery.
Vegetation
Since historically the Intermountain West, including the area where our study site
is located, occurred without the presence of large ungulate herds, vegetation here lacks
some adaptations and resilience to grazing, specifically cattle (Fernandez et al., 2008;
Schwinning et al., 2008). Over the past two centuries studies of the Colorado Plateau
show a dominate human impact on the landscape through grazing (Cole et al., 1997).
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Livestock trample and defoliate individual plants, which decreases plant biomass of
native plants (Cook & Child, 1971) and may also negatively affect reproductive success.
Plants may convert to less productive growth forms, such as sod forms of grasses
(Holechek and Galt, 2000; National Park Service [NPS], 2018; Vallentine, 2001;).
Decreased fitness of native plant species combined with an increase in physical
disturbance can increase invasion of non-native plant species and decrease native species
diversity, changing plant community structure as a whole (Bartuszevige & Endress,
2008). Since the cover and type of vegetation influence soil stability (Okin, 2008),
changes in plant communities can have negative implications. Many of the impacts of
grazing may be enhanced through negative feedbacks in conjunction with climate change
(Belote et al., 2009).
Climate Change
Climate change is expected to increase overall aridity with more extreme and
prolonged droughts in the United States desert southwest (Seager et al., 2007). Because
the Colorado Plateau lies at the boundaries of two climate zones, it is expected to have
more extreme fluctuations in climate compared to other arid regions (Schwinning et al.,
2008). With grazing shown to alter the way rangeland communities respond to climate
change (Belote et al., 2009; Loesser et al., 2007), the Colorado Plateau may be even more
prone to extreme changes over the landscape.
In the Colorado Plateau, weather stations have shown that over time, summer
precipitation has decreased (NPS, 2020). Additionally, over the last 30 years, the
Colorado Plateau has experienced a 0.2℃ to 0.5℃ average temperature increase, with
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warmer temperatures more pronounced in the cold season (NASA, 2019; Schwinning et
al., 2008).
Changes in temperature and precipitation may have large effects on native
vegetation as total annual primary productivity in perennials are largely influenced by
winter precipitation (Caldwell, 1985). Shifts from dominance by cool-season grasses to
warm-season grasses as well as increased populations of invasive plant species, have
already been observed (NPS, 2018). In areas such as semi-arid grasslands and shrublands
with slow growing vegetation, resilience to climate-related disturbances, such as severe
droughts, may be low (NPS, 2017). Due to the known negative impacts of grazing in
these systems coupled with climate change, land managers are now more focused on
changing cattle grazing regimes to minimize their impact.
Ecological Site Descriptions
Ecological site descriptions were developed by the US Department of Agriculture
Natural Resource Conservation Service as way to classify land, management, and
monitoring systems focused on specific ecological site (Doherty et al., 2011). In term of a
rangeland, an ecological site is “a distinctive kind of land where specific physical
characteristics that differs from other kinds of land in its ability to produce a distinctive
kind and amount of vegetation” (USDA-NRCS, 2006). They are based on changes in soil,
aspect, topography, and moisture conditions. These descriptions were developed to
provide management tools for vegetation, restoration, and risk and assessment and
monitoring decisions (Herrick et al., 2006) and provide the framework for understanding
and predicting patterns on rangeland (Spiegal et al., 2016).
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In North America, the Reference Community is the vegetation community that
existed at the time of European immigration and settlement (USDA-NRCS, 2006). This is
the community in dynamic equilibrium with its environment. Natural disturbance and
disturbance patterns that occurred here did not displace the plant community. Using
Ecological Site Descriptions and comparing them to their Reference Community can give
us an understanding of how different locations have or have not deviated from their ideal
conditions.
Restoration
Shifts in plant community composition due to grazing is a slow process, but
recovery back to its original composition can be just as long (Fernandez et al., 2008).
Despite rapid development of research on restoration techniques in dryland ecosystems,
current methods are unsuccessful on the rangeland and our understanding of how to
restore these ecosystems remains poor (Schwinning et al., 2008; Winkler et. al., 2018).
Additionally, there are no standard strategies on how to restore these landscapes
(Bernstein et al., 2014; Winkler et al., 2018,). Since two-thirds of rangelands do not
respond to current management practices (Peters et al., 2006), understanding these
changes during and after disturbance are vital to the health of the landscape. In the
absence of long-term post-disturbance and recovery data (Anderson et al., 2008; Bennett
et al., 2009; Reich and Lake, 2015), it is hard to determine how communities recover and
thus what land managers can do to facilitate healthy recovery. The focus on recovery and
healthy rangelands includes three main attributes: soil/site stability, hydrologic function,
and biotic integrity (Pyke et al., 2002) To measure these changes, we focused on
observation of soil, cryptobiotic soil crust, and vegetation at Capitol Reef National Park.
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Capitol Reef National Park
Within the Colorado Plateau lies one of Utah’s five National Parks, Capitol Reef
National Park, established in 1971. Covering approximately 242,000 acres, Capitol Reef
is home to a wide range of environments and accompanied diverse flora and fauna.
In the 1870’s, Mormon pioneers began to settle in lands within and near where
Capitol Reef National Park is now located. By 1890, there were over 2800 cattle and
about 60,000 sheep in the area. When the area officially became part of a national park,
much of the livestock numbers were reduced, however, some ranchers maintained their
grazing rights on the lands that are now managed by the National Park Service (Snow,
1953). Livestock grazing and trailing, i.e., moving livestock across park lands between
winter and summer ranges on adjacent Federal lands, of both sheep and/or cattle have had
influence on the land in the Park (Frye, 1998), with 19 grazing allotments created when it
reached National Park status (NPS, 2018). Over time, the National Park Service
purchased many of the grazing permits from the rancher permitters. By the 1990’s, most
of the allotments in Capitol Reef ceased seasonal grazing except for two allotments,
Hartnet and Sandy 3 (NPS, 2018).
In March of 2018, the grazing permit for the Hartnet Allotment, one of the two
remaining park grazing allotments, was purchased by a non-governmental organization,
ceasing grazing within this area (NPS, 2018). Since 1954, the Hartnet allotment had
provided winter grazing which occurred mid-October through May every year (NPS,
2018; Williams, 1989). Before 1954, it was used for year-round grazing (Williams et al.,
1995). This left the Sandy 3 allotment as the only active allotment in Capitol Reef,
currently grazed in the winter months between October and May (NPS, 2018). Although

10

continuous, seasonal winter grazing has been removed from much of the park, some
cattle trailing, still occurs throughout the park and Hartnet allotment. (NPS, 2018).
Between 1983 and 1986, seven grazing exclosures were built in various
allotments around the park: Surprise Canyon, Cathedral, Muley Twist, Hartnet, Red
Slide, The Post, and South Desert. These grazing exclosures were fenced in barbwire
squares (33m x 33m) that prevented cattle from accessing the area inside. They were
placed among different allotments (i.e., areas of grazing) with different grazing histories.
These exclosures were paired with an identical layout just outside the fence, accessible to
grazers. Their purpose was used as a comparison to aid in determining how climate and
grazing influenced plant community dynamics. Data on these exclosures were collected
between 1984-1993. However, after 1993, the exclosures data collection ceased and were
not observed until the present study.
Current Data and Research Questions
Using data from 1984-1993, Belote et al. (2009) performed a study on vegetation
of three exclosure sites located in Capitol Reef National Park; Surprise, Hartnet and
Cathedral to investigate how grazing and climate influenced shift in species composition
and relative community stability. Although this study was never published, they found
that grazing can alter the way the rangeland communities respond to climate. Grazing
appeared to change relative compositional stability in response to climate pulses and
suggest that grazed sites tend to be less resilient than non-grazed locations.
The Northern Colorado Plateau Network monitors much of the land in the park,
including climate, invasive exotic plants, and landscape dynamics. From 2009-2018, the
Cathedral allotment was dominated by warm-season grasses, low levels of invasive
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exotic species and relatively good soil (NPS, 2020). From past, but limited historical
data, this showed good recovery from past grazing in this area.
The Hartnet allotment, which was recently released from grazing pressure in
2018, did not show the same trend. Cool season grasses had low frequency, while
invasion of exotic species was high. Although it showed improvement in soil parameters,
it still contains high potential for erosion (United States Department of Agriculture et al.,
2014).
Given the current observations in Capitol Reef and need for further understanding
of post-disturbance effects on the landscapes overall, especially long-term effects, this
study aims to evaluate how communities in semi-arid desert ecosystems passively
recover after long term, heavy grazing. We evaluated these effects using data sampled
seven times, unevenly, over 36 years. By using the exclosures constructed in the 1980’s,
examining changes inside versus outside the exclosures and over time, we hypothesized:
H1

Through time, areas inside exclosures will show higher diversity of
species, different community structure, greater cryptobiotic soil cover and
greater bare ground cover than areas outside.

H2

In 2020, areas inside the exclosures will show higher cryptobiotic soil
darkness, different cryptobiotic soil morphology, greater soil stability, and
higher levels of soil nutrients than areas outside of exclosures.

H3

In 2020, inside exclosures will show soil and vegetation ratings more
similar to Ecological Site Description Reference State values for these
locations than outside exclosures.

We tested these hypotheses by comparing various attributes inside versus outside
of each of the seven exclosures as well as over time. In the summer of 2020, we revisited
these exclosures to collect the current data, following the previous data collection
protocol of the 1980’s (Graham, 1987). Measurements taken were percent cover of
various attributes, plant species diversity, shrub cover, and vegetation height. In addition
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to these protocols, we conducted soil stability tests using a Soil Stability Kit and its
protocol (Herrick et al., 2001) to determine the soil’s resistance to erosion. Soil core
samples were also obtained to collect information on bacterial and fungal species to
observe soil diversity inside versus outside of the exclosures.
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CHAPTER II
INVESTIGATION OF THE IMPACTS OF CATTLE
GRAZING DISTURBANCE ON RANGELAND
COMMUNITIES IN CAPITOL REEF
NATIONAL PARK, UTAH
Introduction
When disturbances occur over a landscape, the community structure and diversity
of an ecosystem changes at all scales (Sousa, 1984). Different disturbance components
such as frequency, size, intensity, and severity can each alter landscape responses and
resilience to disturbance differently. In water-limited ecosystems such as the Colorado
Plateau, recovery is often slow following such disturbance (Poitras et al., 2018).
Dryland ecosystems are important in supporting global biodiversity, and the
majority of the world’s livestock (Yang et al., 2012). Being the historically dominate land
use in the western United States (Bigelow & Borchers, 2017), cattle grazing in areas such
as the Colorado Plateau have been a point of debate on how to manage and restore areas
experiencing grazing disturbance. In the Colorado Plateau, overgrazing has led to both
short- and long-term negative effects on soil erosion, cryptobiotic soil crust and
vegetation (Cole et al., 1997; Ware et al., 2014).
Consisting of cyanobacteria, algae, micro fungi, lichens and bryophytes in various
amounts and soil particles interacting together (Concostrina-Zubiri et al., 2019),
cryptobiotic soil plays an important role in desert communities as ecosystem engineers
(Rosentreter and Root, 2019). Often, it is largest source of nitrogen for desert
communities (Belnap, 2002). It also plays an important role in soil stability and can
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decrease populations of annual invasive species by acting as a physical barrier (Belnap &
Gillette, 1998; Rosentreter and Root, 2019).
As physical damage to cryptobiotic soil is one of its bigger threats, and loss of
cryptobiotic soil can result in loss of ecosystem function at a large scale (Belnap, 2002;
Condon and Pyke, 2018; Young et al., 2016), damage to this ecosystem component has
become a major concern for land managers. Historically, restoration was thought to be
measured in centuries (Belnap and Warren, 2002). However, more recent studies in
Australia observed passive recovery began to stabilize after 20 years, albeit sites with
past grazing stabilized to a lower cover value (Read et al., 2011). Although there are
recent increases in studies on cryptobiotic soil, successful restoration and long-term
recovery trends are still unknown (Herrick et al., 2001).
One important indicator of ecosystem health is soil surface stability as it is
sensitive to complex changes in physical, chemical, and biological processes (Miller,
2005; Herricks et al., 2017). Grazing leads to major changes in physical properties of soil,
including decreasing nutrient availability (Belnap and Eldridge, 2003; Hiernaux et al.,
1999; Neff et al., 2005) and physical soil compaction by large ungulates. This can restrict
water filtration, root growth, and activity of microorganisms (Herrick et al., 2006), and
physical disturbance also enables invasive species to colonize, and sometimes dominate
the landscape. In addition, fecal pats of cattle have been found to have higher species
richness for annual exotic grasses (Bartuszevige & Endress, 2008).
Livestock on the rangeland trample and defoliate individual plants, which
decreases the biomass of native plants (Cook & Child, 1971) and may also negatively
affect reproductive success. Plants may convert to less productive growth forms, such as
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sod forms of grasses (Holechek and Galt, 2000; NPS, 2018; Vallentine, 2001). Decreased
fitness of native plant species combined with an increase in physical disturbance can
increase invasion of non-native plant species and decrease native species diversity,
changing plant community structure (Bartuszevige & Endress, 2008). Since the cover and
type of vegetation influence soil stability (Okin, 2008), changes in plant communities can
have negative implications.
To classify and predict changes in plant communities and other attributes, such as
soil, ecological site descriptions were developed by the US Department of Agriculture’s
Natural Resource Conservation Service. This provides a way to classify land, manage,
and monitor systems on specific ecological sites (Doherty et al., 2011). For a rangeland,
an ecological site is “a distinctive kind of land where specific physical characteristics that
differs from other kinds of land in its ability to produce a distinctive kind and amount of
vegetation” (USDA-NRCS, 2006). These descriptions were developed to provide
management tools for vegetation, restoration, and risk assessment and monitoring
decisions (Herrick et al., 2006), and they provide the framework for understanding and
predicting patterns on rangeland (Spiegal et al., 2016). In North America, the Reference
Community is the vegetation community that existed at the time of European
immigration and settlement (USDA-NRCS, 2006). Using Ecological Site Descriptions
and comparing them to their Reference Community can give us an understanding of how
different locations have or have not deviated from their more natural conditions.
Our understanding on how to restore arid/semi-arid ecosystems remains poor with
no standard strategies on how to restore these landscapes (Bernstein et al., 2014;
Schwinning et al., 2008; Winkler et. al., 2018). With two-thirds of rangelands not
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responding to current management practices (Peters et al., 2006), understanding the
changes during and after disturbance are vital to the health of the landscape. In the
absence of long-term post-disturbance and recovery data (Anderson et al., 2008; Bennett
et al., 2009; Reich and Lake, 2015), it is hard to determine how communities recover and
thus what land managers can do to facilitate recovery. To measure such changes, we
focused on observation of soil, cryptobiotic soil crust, and vegetation at Capitol Reef
National Park.
When Capitol Reef National Park was designated as a park in 1971, some
ranchers who previously used the area for cattle grazing maintained their grazing rights
(NPS, 2018; Snow, 1953; Williams, 1989). Heavy grazing influences here had been
present for about 150 years (Frye, 1998). By the 1990’s, most of the allotments in Capitol
Reef ceased seasonal grazing except for two allotments, Hartnet and Sandy 3 (NPS,
2018). In March of 2018, grazing was also removed from the Hartnet allotment (NPS,
2018).
Given the current observations in Capitol Reef and need for further understanding
of post-disturbance effects on the landscapes overall, especially long-term effects, this
study aims to evaluate how communities in semi-arid desert ecosystems passively
recover after long term, heavy grazing. We evaluated these effects using data sampled
seven times, unevenly, over 36 years. By using the exclosures constructed in the 1980’s,
examining changes inside versus outside the exclosures and over time, we hypothesized:
H1

Through time, areas inside exclosures will show higher diversity of
species, different community structure, greater cryptobiotic soil cover and
greater bare ground cover than areas outside.
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H2

In 2020, areas inside the exclosures will show higher cryptobiotic soil
darkness, different cryptobiotic soil morphology, greater soil stability, and
higher levels of soil nutrients than areas outside of exclosures.

H3

In 2020, inside exclosures will show soil and vegetation ratings more
similar to Ecological Site Description Reference State values for these
locations than outside exclosures.

We tested these hypotheses by comparing various attributes inside versus outside
of each of the seven exclosures as well as over time. In the summer of 2020, we revisited
these exclosures to collect the current data, following the previous data collection
protocol of the 1980’s (Graham, 1987). Measurements taken were percent cover of
various attributes, plant species diversity, shrub cover, and vegetation height. In addition
to these variables, we conducted soil stability tests using a Soil Stability Kit and its
protocol (Herrick et al., 2001) to determine the soil’s resistance to erosion.
Methods
Study Area
The study area was located within Capitol Reef National Park which lies in
southcentral Utah near the town of Torrey (Figure 1a). Capitol Reef National Park is part
of the Colorado Plateau desert ecosystem that encompasses about 340,000km2 (242,000
acres) of the western United States. It is the second largest park in Utah. Elevation of the
park ranges from 1219m nears the southern tip of the park, Halls Creek, to 3353m on the
north boarder near Thousand Lake Mountain. Average precipitation from the weather
station, located near the visitor’s center (central area of the park), is 20.3 cm annually
with most precipitation occurring July through September, Capitol Reef’s monsoon
season (NPS, 2018). Temperatures average a high of 30ºC in July to a low of 3ºC in
January (NPS, 2018). With this diversity of elevation and precipitation, soils and
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vegetation are also diverse across the park. Out of the 175 vegetation community types
identified at Capitol Reef, 58 of those are woodlands and saltbush shrublands (NPS,
2020). Pinyon-Juniper/ Mesic Shrubs Woodlands Complex account for the most frequent
vegetation map class (NPS, 2020).
Exclosure Description
Between 1983 and 1986, seven grazing exclosures were built within the park:
Surprise Canyon, Cathedral, Muley Twist, Hartnet, Red Slide, The Post, and South
Desert (Figure 1b; Table 1). These exclosures were built from barbwire fencing to
exclude cattle from the area. There were signs of other grazers having access inside the
exclosure fence. Rabbit and elk dung were found in some locations. Immediately adjacent
to each exclosure is a replicate design, not surrounded by a fence (i.e., exposed to
grazing). These locations at the northern and southern ends of the park, where grazing
historically and currently occurs. Each exclosure is 33m x 33m, except for Cathedral and
Surprise which were enlarged with two additional exclosures each immediately adjacent
to the original. Data for these adjacent-enlarged plots were combined when doing
calculation to one location for each treatment (each site is a replicate; n=7). These two
larger exclosures were intended to study a variety of range improvements, but those
studies were never implemented (Sandra Borthwick, pers. comm.).
At each site, 20 1m² plots were established randomly; ten inside the exclosure and
ten outside, Cathedral being an exception with eleven plots, and Cathedral and Surprise
each having three exclosures. These plots are marked by conduit in the southwest corner
of the plot, except Surprise whose markers are in the southeast corner. In addition, four
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30m line-intercept transects were established, with two inside the exclosure and two
1.

outside also marked by conduit (Figure 2).
2. 2.
3.

5.
4.

6.
7.

N

Figure 1: Capitol Reef National Park’s location within the state of Utah, United States of
America, and locations of exclosure sites within the boundary of Capitol Reef National
Park: 1. = Cathedral Valley, 2 = Hartnet, 3 = Lower South Desert,4 = Muley Twist, 5 =
Surprise, 6 = Post, 7 = Red Slide. Maps by Blackford, Anna.
Table 1: UTM locations of exclosures within Capitol Reef National Park, Utah, Zone
12S. Cathedral being the most northern plot moving southward to Red Slide exclosure.
Exclosure Name

UTM Easting

UTM Northing

Cathedral

476,785
480,473
484,558

4,261,190

500,846
496,701
502,021
505,911

4,187,967

Hartnet
Lower South Desert
Surprise
Muley Twist
The Post
Red Slide

4,253,901
4,243,118

4,187,895
4,186,154
4,173,026
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Table 2: The year each exclosure was constructed and the years they had data collection
in Capitol Reef National Park, Utah. Cathedral, Hartnet and Muley Twist were
constructed in 1983, however, data collection did not begin until 1984.
Exclosure Name
Cathedral
Hartnet
Lower South
Desert
Surprise
Muley Twist
The Post
Red Slide

Year
Constructed

Data Collected

1984 1985 1986 1987 1988 1989 2020
1983 x
x
x
x
x
x
x
1983 x
x
x
x
x
x
x
1986
1984 x
1983 x
1985
1985

x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x

x
x
x
x
x

Table 3: Known grazing history at each exclosure site in Capitol Reef National Park,
Utah.

Exclosure Name
Cathedral
Hartnet
Lower South
Desert
Surprise
Muley Twist
The Post
Red Slide

Start Grazing End Grazing
~80% AUM's
off 1989,
100% off
1870-1880s
1999
1870-1880s
5/1/2018
1870-1880s
1870-1880s
1870-1880s
1870-1880s
1870-1880s

5/1/2018
currently
grazed
currently
grazed
currently
grazed
1989

Total Years
Grazed

Density of
Allotment
(AUM1)

119-129
138-148

~300-500
1141

138-148

1141

~150

unknown

~150

unknown

~150
109-110

unknown
unknown

21

Table 4: Description of each site location, including its elevation, ecological site name,
ecological site number, and soil type in Capitol Reef National Park, Utah. Total is the
number of years of grazing. Density refers to the amount of animal units, which are
defined as a cow and calf pair.
Exclosure
Name

Elevation

Ecosite Name

Ecosite
Classification Soil Type

Cathedral

1447m

R035XY101UT

Hartnet

1447m

Lower South Desert

1426m

Desert Alkali Sandy
Loam
Desert Alkali Sandy
Loam
Desert Very Shallow
Gypsum (Torrey's
Jointfir)

Surprise

1447m

Semidesert Gravelly
Loam (Shadscale)

R035XY242UT

Muley Twist

1446m

Semidesert Shallow
Loam (Utah JuniperPinyon)

R035XY221UT

The Post

1410m

Semidesert Gravelly
Loam (Shadscale)

R035XY242UT

Red Slide

1448m

Sandy Bottom

R035XY015UT

R035XY101UT
R035XY142UT

Monue-Myton-Uzona
complex
Monue-Myton-Uzona
complex
Goblin-Ivanpatch
complex,
Begay, salineQuerencia, saline-sodic
complex
Reef-Rizno-Rock
outcrop complex
Begay, salineQuerencia, saline-sodic
complex
Sandyranch-RadnikRiverwash complex
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33m

30m

Figure 2: Example site setup of plots and transects inside and outside of the exclosures at
Capitol Reef National Park, Utah. The large square with open dots on each corner
represents the 33m x 33m exclosure. Black squares represent the 10 randomly assigned
1m x 1m plots, inside and outside of the exclosure. “X” is the start and arrow heads
represent the end of the 30m transect, with two transects inside and two outside.
Field Measurements: Original Dataset
Data collected between 1984-1989 followed protocol from Graham (1987). In
2020, we continued to follow the original protocol.
At every exclosure site, we recorded GPS coordinates (Table 1) along with photos
of the area from the southwest perspective. In compliance with the National Park Service,
before any data collection was conducted, a threatened and endangered species survey
was completed. In addition, each study area was cleared by an archeologist before soil
data were collected.
Measurements within each of the 1m² plots marked by conduit (10 inside, 10
outside), we used a 1m² PVC plot frame. The frame was positioned so the sides were
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parallel to the fence line of the exclosure. Data was collected following Graham’s (1987)
protocol.
Transects were already monumented with conduit pipe on each end. To record
data along transects, we ran a meter tape from one end the other. Data along the transect,
described below, was taken on the right side of the transect with the observer on the left
at all locations. This prevented disturbance on the side of the transect where it could
affect soil stability ratings.
Cover and Vegetation Measurements
In each of the twenty 1m² plots, ten inside and ten outside of the exclosure, visual
estimates of the percent cover were taken. Percent cover was estimated for live
individuals of each plant species (rooted inside the frame or not), cattle dung,
cryptobiotic soil, ant hill, and bare ground. From the transect line, the start and end
position of a shrub on the line were recorded for each shrub species, live or dead.
If a plant could not be identified in the field, Assessment Inventory and
Monitoring’s methods (Toevs et al., 2011) were followed. The unidentified plant was
given a generic code name based on the plant type: AF= annual forb, PF= perennial forb,
G=grass/graminoid, SH=shrub, T=tree. It also received a unique number in that category.
For example, AF01, SH01, G03. Pictures of each unknown plant, a detailed description,
as well as a specimen were collected. Once identified and keyed to species, the specimen
was discarded, per the permit requirements from the National Park Service. Identifying
information about the unknown plant included- date found, exclosure location, potential
name of identification, and a description of the specimen.
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Additional Measurements
In 2020, additional methods were added to the protocol. These included
cryptobiotic soil darkness, cryptobiotic soil morphology, site soil stability, and soil core
samples.
Cryptobiotic Soil
When cryptobiotic soil was present in any of the 1m² plots we also rated the
dominant cryptobiotic soil darkness present on a scale of 1-6 using darkness levels for the
Colorado Plateau (Belnap et. al., 2007) Darkness indicates the level of cyanobacteria
present in the cryptobiotic soil (Belnap et al., 2007). The crust was also rated
morphologically as smooth, rugose, pinnacled or rolling.
Soil Stability
Following Assessment Inventory and Monitoring techniques (Toevs et al., 2011)
surface soil samples were collected along each transect in 3m increments using Jornada
Experimental Range Soil Stability Test Kit (usdaars.nmsu.edu/JER/Moni_Assess/PDF_files/SoilAggStabit.pdf). At each collection point,
the sample was taken about 15cm from the line. If there was vegetation canopy that
covered at least 50% of the sample area, “cover” was recorded. No canopy cover was
labeled as “no cover”.
To collect the sample, a small trench 10-15mm deep was dug. If litter was resting
over the sample site, it was carefully removed. The top layer of soil was then collected
with the sample scoop. The soil aggregate sample was 2-3mm thick and 6-8m in
diameter. The sample was placed upright in a drive sieve and put in the appropriate cell
of the dry soil stability box. If a sample was unable to be collected because the aggregate
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was too weak to collect, it was recorded as “1”. If soil was covered by cryptobiotic soil, it
was not collected and recorded as “6”, per AIM protocols (Toevs et al., 2011). If a
sample occurred at a plant base, the collection was taken within the base, or as close as
possible. To test the soil aggregate samples, AIM methods were followed (Toevs et al.,
2011).
Soil Nutrients
Every 10m along each transect, a soil core 7.62cm diameter x 20cm deep was
collected. Samples were taken 20cm from the transect line to account for soil stability
testing. Soil along each transect was combined, air-dried, mixed thoroughly, and sifted
through a 2X2 mm sieve. Part of the soil was used to determine bacterial and fungal
diversity and the remainder sent to A&L Agricultural Laboratories for nutrient analysis,
including percent organic matter (OM), pH, estimated nitrogen reserve (ENR), cation
exchange capacity (CEC), phosphorus, nitrate-N, and both parts per million (ppm) and
percent of base saturation estimates for potassium (K), magnesium (Mg) and Calcium
(Ca).
Ecological Site Descriptions
Each location was matched to its respective ecological site description using
SoilMaps, WebSoil Surveys, and ArcMap layers provided by Capitol Reef biologists
(https://casoilresource.lawr.ucdavis.edu/gmap/;
https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx; Table 4). Ecological
sites descriptions were obtained from the Natural Resources Conservation Service
database (https://edit.jornada.nmsu.edu/catalogs/esd) and compared to our observed data.
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Ecological sites were not confirmed in the field, as soil pits were not dug due to permit
limitations.
Data Analyses
All analyses were run under two separate datasets. To address the first hypothesis,
we used data from all site locations from the seven time points (i.e., 1984-1989 and
2020). We partitioned this dataset into two subsets. The first subset included the 1984
through 1989 data for all sites to examine trends through a continuous time frame. The
second subset included all years sampled (i.e., 1984-1989, 2020); however, Muley Twist
and Red Slide sites were excluded because in both locations the exclosure fence was
missing in 2020. They were intact until at least 1989, however, the year the fences were
removed is unknown. The second dataset, which helped to address the second and third
hypotheses included only the 2020 data from all sites.
Within each treatment (inside or outside) at each location, the average percent
cover of each variable (e.g., cover of individual plant species, cover of bare ground) was
calculated. The primary data matrix included the average percent cover of each plant
species within each treatment (two levels) for each site (seven total) across six years of
historical data and one year of present data. The secondary matrix included
environmental data. The nine variables were cover of bare ground, cover of cryptobiotic
soil, cover of dung, site number, treatment, year collected, drought index value for that
year, elevation, and whether the site location was in the northern or southern area of the
park.
The original vegetation matrix data had 86 species and 84 plots (i.e. seven sites
matched inside and outside exclosures over six years). We evaluated if deleting any rare
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species, species that only occur in one plot (i.e., twelve species), would reduce variability
among sample units (measured as reductions in beta diversity) or dispersion around the
mean (measured as reductions in the coefficient of variation or CV). Since these 12
species comprise 14% of the dataset and their removal did not notably reducing the CV
or beta diversity, keeping the original matrix was ideal. Outlier test for site location was
not conducted because we wanted to retain all sites for an even treatment comparison for
each location.
Our plots were grouped by both time (i.e., year data was collected) and by
treatment (i.e., inside versus outside the exclosure). To determine whether these groups
were defined better by grouping variables than random chance within the data, we used
Multi-response Permutation Procedures (MRPP; Mielke, 1984). We used multivariate
cover data (all 86 plant species) and univariate cover data (cryptobiotic soil, bare ground,
and dung) for these analyses.
To evaluate relationships among plots in species space, a Non-Metric
Multidimensional Scaling (NMS; McCune and Grace, 2002) was used. NMS was
selected because our data did not follow linear, parametric assumptions and zero values
were common within our dataset. This is common within community data and an NMS
provides a statistical method able to handle these absences (McCune and Grace, 2002).
We used autopilot mode with the “Slow and Thorough” setting, using Sørenson distance
measure as it is also preferable for community data. Multivariate analyses were
performed using PC-ORD Version 7.08 (McCune and Mefford, 2018).
Using the full vegetation matrix, Shannon’s and Simpson’s diversity indices were
calculated for each treatment, blocked by site for each year collected. We then compared
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diversity estimates inside versus outside the exclosures using a Linear-Mixed Model
(LMM), blocked by site, in SAS on Demand (SAS Institute Inc., 2014). LMM was
chosen because the data was not continuously gathered for every successional year. A
LMM was also used to calculate vegetation species evenness and richness averages for
each treatment in every location using the same procedures above.
To determine if cryptobiotic soil cover was different inside versus outside the
exclosures, a Linear-mixed Model, blocked by site was used. Darkness and morphology
were analyzed using a blocked by site Chi-Square Test using SAS on Demand (SAS
Institute Inc., 2014).
Using the soil aggregate stability ratings, an ANOVA, blocked by site was run
using SAS on Demand (SAS Institute Inc., 2014). Soil nutrients were examined using
Principle Component Analysis ordination (PCA; Jolliffe and Cadima, 2016) within PCORD Version 7.08 (McCune and Mefford, 2018). To determine whether soil nutrients
were different inside versus outside treatments, a Permutational Multivariate Analysis of
Variance (PERMANOVA) was performed using Euclidian distances.
Results
The subsequent section addresses our first hypothesis, using the full dataset across
all years.
Vegetation
For data between 1984 and 1989, Shannon and Simpson’s diversity indices both
showed treatment effects (p= 0.010; p = 0.027, respectively; Table 5), but no time main
effect or treatment X time interaction (Table 5). Inside versus outside treatments showed
opposite trends to each other. With Muley Twist and Red Slide excluded and including
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the 2020 data, time and treatment separately had a strong effect on diversity (Table 5;
Figure 3b, 3d), with diversity decreasing in both treatments during 2020. In both diversity
indices, inside treatment ended with a greater diversity than outside.
Table 5: Shannon and Simpson’s diversity LMM results for 1984-1989 and 1984-2020 at
exclosure sites in Capitol Reef National Park, UT. In 1984-2020 analysis, Muley Twist
and Red Slide sites were excluded.
Shannon's Diversity Index 1984-1989
Den
F
Effect Df
Pr > F
Df
Value
Treatment 1
6
13.36 0.0106
Time 5
22
1.2 0.3402
Interaction 5
22
0.96 0.4606

Shannon's Diversity Index 1984-2020
Den
F
Effect Df
Pr > F
Df
Value
Treatment 1
4
6.1
0.069
Time 6
18
5.62 0.0019
Interaction 6
18
1.64 0.1946

Simpson's Diversity Index 1984-1989
Den
FPEffect Df
Df
value
value
Treatment 1
6
8.51 0.0267
Time 5
22
1.78 0.1597
Interaction 5
22
0.66 0.6559

Simpson's Diversity Index 1984-2020
Den
FPEffect Df
Df
value
value
Treatment 1
4
6.01 0.0704
Time 6
18
5.09 0.0032
Interaction 6
18
1.01
0.448
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Figure 3: Shannon and Simpson’s Diversity Indices for (a, c) 1984-1989 and (b, d)
without Muley Twist and Red Slide sites but including 2020 data.

Vegetation species evenness from 1984-1989 only showed a treatment effect (p =
0.019; Table 6). With Muley Twist and Red Slide excluded yet including all years, plots
inside the exclosure still had significantly less evenness than the outside (p = 0.037;
Table 6). Time main effects and the treatment X time interaction were not significant in
either data subset.
Vegetation species richness from 1984-1989 showed a slight significance (p =
0.049; Table 6) inside versus outside. With no Muley Twist or Red Slide sites but
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including 2020 data, treatment was no longer significant (p = 0.372; Table 6), but time
was a significant factor (Figure 4b, 4d; p = 0.041), with richness at their lowest observed
values by 2020.
Table 6: Vegetation species evenness and richness for exclosures between 1984-1989 and
1984-2020 at Capitol Reef National Park, UT. In 1984-2020 analyses, Muley Twist and
Red Slide exclosures were excluded.
Evenness 1984-1989
Evenness 1984-2020
Effect

Df

Den Df

F Value

Pr > F

Effect

Df

Den Df

F-value

P-value

Treatment

1

6

10.050

0.019

Treatment

1

4

9.54

0.037

Time

5

22

0.810

0.555

Time

6

18

1.8

0.155

Interaction

5

22

1.000

0.443

Interaction

6

18

0.56

0.759

Richness 1984-1989

Richness 1984-2020

Effect

Df

Den Df

F-value

P-value

Effect

Df

Den Df

F-value

P-value

Treatment

1

6

6.060

0.049

Treatment

1

4

1.010

0.372

Time

5

22

1.810

0.153

Time

6

18

2.810

0.041

Interaction

5

22

0.390

0.853

Interaction

6

18

0.680

0.664
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Figure 4: Species evenness and richness for (a, c) exclosures between 1984-1989 and (b,
d) 1984- 2020 without Muley Twist and Red Slide.

Community Composition
When pooled across time between 1984 and 1989, there was no significant
difference in vegetative community structure inside versus outside of the exclosure
(MRPP; A = 0.004, p = 0.177). However, when grouped by time and pooled across
treatment, differences were observed (A = 0.229, p = 0.027). We found a similar pattern
when Muley Twist and Red slide sites were excluded and 2020 was included (comparing
treatment: A = 0.0005, p = 0.374; comparing time: A = 0.052, p = 0.0007).
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Our NMS recommended a 3D solution explaining 81.45% of the variance in
community composition. The final stress was 13.66. The final solution instability was
<0.0001 with 57 iterations.
The first axis explained 35.7% of the variance. The positive end of the axis
corresponded with higher Hilaria jamesii (r = 0.740) and to a lesser extent Bouteloua
gracilis (r = 0.395) and Bromus tectorum (r = 0.386). Using a cutoff of r = +/- 0.4,
cryptobiotic soil cover was weakly corresponded with the positive axis (r = 0.442). The
negative end of axis one correlated with the species Achnatherum hymenoides (r = 0.688) and to a lesser extent, Atriplex confirtifolia (r = -0.479). Axis one was not strongly
correlated with any environmental variables (bare ground: r = -0.100). The 84 plots
formed distinct groups corresponding to the cluster of sites in ordination space (Figure
5a). Along axis 1, three groups were observed. Hartnet and Lower south Desert on the
negative end, Cathedral, Post, and Red Slide in the middle, and Surprise and Muley Twist
on the positive end of the axis.
The second axis explained 29.3% of the variance. The one species that
corresponded with the positive end of this axis, albeit weakly, was Chaenactis stevioides
(r = 0.386). The strongest negative correlation of species on axis two were Gutierrezia
sarothrae (r = -0.692) and at a lesser extent Sporobolus cryptandrus (r = -0.493). The
environmental variables that corresponded most with axis two were cryptobiotic soil (r =
0.670) at the positive end and bare ground (r = -0.509) at the negative end. Along axis
two, sites on the positive end are all latter years of data collection, 1989 and 2020,
containing higher cryptobiotic soil. Sites on the negative end represent early years.
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The third axis explained 21.8% of the variance. The positive end of axis three
correlated with Sporobolus cryptandrus (r = 0.548) and Bromus tectorum (r = 0.524). The
negative end of axis three, although not as strong as the other gradients, correlated most
with Sphaeralcea coccinea (r = -0.396) and Hymenopappus filifolius (r = -0.358).
Successional vectors were drawn to connect plots from the same site by treatment
in order of ascending years (Figure 5b-h). By 2020, all sites were moving in a positive
direction along axis two, except for Cathedral.
When plots were coded by drought severity, axis two resulted in two groups
(Figure 6a). The middle to positive end of axis two contained were sites associated with
“severe drought”, which also corresponded with all 1989 and 2020 sites. The remaining
earlier years (1984-1988) and drought severity levels were mixed on the negative area of
the ordination.
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Figure 5: NMS solution of 84 plots, while NMS recommended a 3-D solution only two
axes are shown, axis 1 and axis 2. a: NMS ordination of all locations, grouped by site,
Capitol Reef National Park, UT. b-h: Successional vectors were drawn to show
community response of plots over time for each location; Cathedral, Hartnet and Lower
South Desert, Muley Twist, Surprise, Post, Red Slide and Lower South Desert.
1=Cathedral, 2= Hartnet, 3= Muley Twist, 4= Surprise, 5= Post, 6= Red Slide, 7= Lower
South Desert.
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Axis 3

Drought
1
2
3

Axis 2

Figure 6: NMS ordination along axis 2 versus axis 3, grouped by drought conditions in
Capitol Reef National Park, UT. Numbers were given to drought conditions given by the
Palmer Severity Index for the site sample year. Drought conditions were represented by
1= Severe drought (-3cm to -3.99cm), 2 = Mid-range (-1.99cm to +1.99cm), 3 =
moderate moist (+2cm to +2.99cm).
Cryptobiotic Soil: Cover
Cryptobiotic cover values for the early, continuous years, 1984-1989 did not show
a strong treatment effect (p = 0.1014; Table 7) but had a significant time effect (p =
0.0452) and time X treatment interaction (p = 0.0318). Observing the interaction effect
through time until 1989 (Figure 7), the first years of the exclosures, areas accessible to
grazing started off with greater cryptobiotic soil than inside the exclosure. Inside diverges
from outside over time; however, both showed increases in cover starting in 1987.
Using the same analysis, including the 2020 data but without Muley Twist and
Red Slide, inside versus outside did not show a treatment effect (p = 0.7739) or a
treatment X time interaction (p = 0.9247). However, cryptobiotic cover did change
significantly over time (p < 0.0001). From 1984-1989, inside versus outside responded
the same as the previous analysis, despite the deletion of Muley Twist and Red Slide
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sites. By 2020, cryptobiotic soil cover inside and outside converged to about the same
levels, much higher than the earlier years.
Table 7: Linear-Mixed Model tables of cryptobiotic soil crust cover in exclosures at
Capitol Reef National Park, UT. Data over the complete time scale, Muley Twist and Red
Slide were not included in the analysis.

Effect
Treatment
Time
Interaction

Cryptobiotic Cover 1984-1989
Df
Den Df
F Value
1
6
3.74
5
23
2.72
5
22
3.02

Pr > F
0.1014
0.0452
0.0318

Effect
Treatment
Time
Interaction

Cryptobiotic Cover 1984-2020
Df
Den Df
F-value
1
2
0.09
6
20
122.23
6
19
0.27

P-value
0.7739
<0.0001
0.9427

Figure 7: Cryptobiotic soil cover between 1984-1989, inside versus outside and
cryptobiotic soil cover over the complete time scale, excluding Muley Twist and Red
Slide at Capitol Reef National Park, UT
Soil: Bare Ground
Between 1984-1989, bare ground inside versus outside the exclosure was not
significantly different (p = 0.0828; Table 11), although inside was consistently lower than
outside the exclosures (Figure 11). The time X treatment interaction effect was also not
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significantly different (p = 0.4995). The time main effect trended towards significance
with bare ground (p = 0.0599).
Using the same question but including the 2020 data and excluding Muley Twist
and Red Slide sites, inside versus outside similar results were observed (Table 8).
Treatment of inside versus outside was not significantly different (p = 0.0788) nor was
the time*treatment interaction effect (p = 0.6561). Time, however, was a significant
factor (p = <0.0001), with bare ground decreasing sharply by 2020 (Figure 8).
Table 8: Linear-Mixed Model tables of bare ground cover in exclosures at Capitol Reef
National Park, UT. In data including 2020, Muley Twist and Red Slide were not included
in the analysis.
Bare Ground Cover 1984-1989
Effect
Num DF
Den DF
F-value
p-value
Treatment
Time
Time*Treatment

Effect
Treatment
Time
Time*Treatment

1
5
5

4.33
2.50
0.90

0.0828
0.0599
0.4995

Bare Ground Cover, 1984-2020
Num DF
Den DF
F-value

p-value

1
6
6

6
23
22

4
20
19

5.51
75.25
0.70

0.0788
<.0001
0.6561

Figure 8: Bare ground cover between 1984-1989, inside verse outside and cryptobiotic
soil cover over time, excluding Muley Twist and Red Slide at Capitol Reef National Park,
UT.
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The subsequent section addresses our second hypothesis, using data only obtained
in 2020.
Cryptobiotic Soil: Darkness
Cryptobiotic soil darkness was not significantly different inside compared to
outside treatments in 2020 (p = 0.8555; Table 9); however, a trend of slightly less
developed cryptobiotic soil was observed outside exclosures compared to inside (Figure
8).
Table 9: ANOVA table for cryptobiotic soil darkness in 2020 at Capitol Reef National
Park, UT grazing exclosures. Muley Twist and Red Slide are excluded from the analysis.

Source
Model
Error
Total

Df
1
8
9

Cryptobiotic Darkness 2020
SS
MS
0.008

0.008

1.826

0.228

F-value
0.040

P-value
0.8555

1.834

Figure 9: 2020 cryptobiotic soil darkness ratings inside and outside the exclosures,
Capitol Reef National Park, UT. Ratings are on a color scale of 1-6 with a rating of 6 as
the darkest and most developed soil.
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Soil: Stability
In 2020, we found a treatment effect inside versus outside the exclosures (p =
0.0014; Table 10), with more stable soils corresponding with inside the exclosures
(Figure 10). Whether the soil aggregate sample was taken under the cover of vegetation
or without cover, did not affect soil stability (p = 0.5487), nor did the cover interaction
effect (p = 0.7301).

Table 10: ANOVA results for soil stability collected in 2020, Capitol Reef National Park,
UT. Muley Twist and Red Slide sites were excluded for this analysis. Soil aggregate
stability was rated on a scale 1-6 with 1 being least stable and 6 representing the most
stable and/or cryptobiotic soil.

Source

Df

Treatment
Cover
Trt*Cover

1
1
1

Soil Stability Results 2020
SS
MS
5.9905
0.1513
0.0497

5.9905
0.1513
0.0497

F-value

P-value

14.8700
0.3800
0.1200

0.0014
0.5487
0.7301

Figure 10: Mean soil stability ratings in 2020 inside versus outside within Capitol Reef
National Park, UT. Muley Twist and Red Slide were not included in this analysis.
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Soil: Nutrients
Soil nutrients, including organic matter (OM), estimated nitrogen release (ENR),
phosphorous (P), sodium phosphate (NaP), potassium (K), magnesium (Mg), calcium
(Ca) and nitrate, along with pH and cation-exchange capacity (CEC), did not differ
between inside or outside the exclosures in the PCA (F= 0.42336, p = 0.67522). There
was also no pattern present in soil nutrients among site locations present in the
ordination. All locations, both inside and outside exclosures, were characterized by
typical basic soils with low overall nutrients.
Ecological Sites
Using soil stability data and cover percentages for cryptobiotic soil, bare ground,
tree, shrub, grass, forb, and invasive species in 2020 only, each treatment was compared
to its assigned Ecological Site Description Reference Site (USDA-NRCS, 2006; Table
11). For soil stability, both under vegetation cover and under no cover, inside sites were
all within or above their reference state. Outside sites contained two locations under
vegetation cover that were below their reference site: Lower South Desert and Muley
Twist. Under no vegetation cover, only Muley Twist was below its reference site. All
locations under both treatments had cryptobiotic soil cover within or above their given
reference value. Only one site had greater than expected bare ground cover in both
treatments, Muley Twist. All treatments were within range for tree cover, except for
Muley Twist in both treatments. Shrub cover each had two treatments within reference
range. Cathedral and Hartnet, both inside and outside were within the lower range of
their ecological site. Grass cover in both treatments only had one site within range, Lower
South Desert and one above the reference state range, Muley Twist. All other sites were
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below their reference state. Forb cover was below in two sites for each treatment, Lower
South Desert and Red Slide. For cover also had one site within each treatment above
reference range, Post in both inside and outside. All other treatments were within range.
All sites in all treatments contained at least a trace of invasive plant species.
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Table 11: Comparisons of each site and treatment to its given Ecological Reference State
in Capitol Reef National Park, UT. Trt = treatment (inside or outside), Stability: Cover =
soil aggregate stability rating under vegetation cover, Stability: NC = soil aggregate
stability rating with no vegetation cover, Crypto % = cryptobiotic soil percent cover, BG
% = bare ground percent cover, Tree = tree percent cover, Shrub = shrub percent cover,
Grass % = grass percent cover, Invasive % = invasive species percent cover, O =
observed value, ES = ecological site reference state value. Color coding represents
whether the observed value was above (green), within (yellow), or below (red) its
reference state value.
Stability:Cover
Site Name
Cathedral
Hartnet

Trt
In
In

O
6
6

LSD

In

Surprise

In

Muley Twist
The Post
Red Slide
Red Slide
Cathedral
Hartnet
LSD
Surprise
Muley Twist
The Post

Stability:NC

ES
4-5.
4-5.

O
6
5

ES
4
4

5

5

5

2-3.

6

4-5.

5

3-4.

In

4

4-5.

5

4

In
In
Out
Out
Out
Out
Out
Out
Out

5
5
6
4
5
3
4
2
5

4-5.
4-5.
4-5.
4-5.
4-5.
5
4-5.
4-5.
4-5.

6
5
4
4
6
4
5
2
6

3-4.
3-4.
3-4.
4
4
2-3.
3-4.
4
3-4.

Crypto %
O
82
86
27

ES
0-10
0-10

76

0-2

0
61
68
39
58
76
58
71
2
68

0-60

0-52
0-2
5-15.
5-15.
0-10
0-10
0-60
0-2
0-52
0-2

BG %
O
10
8
6

Invasive
%

Tree %

Shrub %

Grass %

Forb %

ES
40-65
40-65

O
0
0

ES
0
0

O
2
2

ES
0-6
0-6

O
5
3

ES
18-28
18-28

O
1
1

ES
0-6
0-6

O
0.03
0.20

30-60

0

0

1

20-60

17

5-20.

1

5-10.

0.01

10-50.

0

0-3

2

5-15.

7

10-25.

3

0-5

0.70

16-30

0

6-16.

1

6-16%

22

0-5

0

0-2

4.10

10 10-50.
9 20-30.
27 20-30.
32 40-65
11 40-65
23 30-60
19 10-50.
72 16-30
11 10-50.

0
0
0
0
0
0
0
0
0

0-3
0
0
0
0
0
0-3
6-16.
0-3

0
2
2
2
4
0
1
4
0

5-15.
10-25.
10-25.
0-6
0-6
20-60
5-15.
6-16%
5-15.

3
5
7
7
1
17
7
21
6

10-25.
15-30
15-30
18-28
18-28
5-20.
10-25.
0-5
10-25.

13
1
1
1
3
0
1
0
6

0-5
2-10.
2-10.
0-6
0-6
5-10.
0-5
0-2
0-5

3.10
0.03
0.15
0.15
0.30
0.04
1.53
3.60
1.20

12
71

Discussion
Inside Versus Outside Over Time
There were a few observable differences when comparing inside versus outside
the exclosures, which suggests that grazing does have some impact on the landscape,
even after long-term rest from grazing. However, most treatment differences occurred
over the earlier years when grazing was active at all locations. By 2020, high cover of
cryptobiotic soil is evident in many locations; however, climate seems to have an
overarching effect on the land that makes our other measured factors (percent ground
cover, vegetation, soil stability, cryptobiotic soil attributes) respond similar to their
corresponding treatment. Time had a greater impact on soil and vegetation differences
than grazing treatment. For example, with time, cryptobiotic soil cover significantly
increased while bare ground decreased. There are also clearly two main time periods in
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terms of community composition (i.e., 1989 and 2020 versus pre-1989), as shown by axis
two in the NMS ordination. Lack of significance between treatments in richness,
cryptobiotic soil cover, and bare ground cover over the entire dataset, 1984-2020, may be
due to grazing histories.
Our first hypothesis suggested that through time, inside treatments will have
higher species diversity, differing community structures, higher cryptobiotic soil cover
and lower bare ground cover than outside. These differences were more apparent when
grazing was active in all locations rather than when 2020 data was included (Muley Twist
and Red slide were not included due to removal of exclosure fence), where many sites
were rested from grazing for some time. Grazing intensity decreased over time, so while
recovery may be happing, management of livestock may also have lessened any effects
over the entire timespan.
Between 1984 and 1989, we observed differences in treatment within species
diversity (Shannon’s and Simpson’s) evenness and richness, however outside had overall
higher species richness than inside and both treatments decreasing starting in 1986.
During this period, there was no treatment effect in cryptobiotic soil cover and bare
ground cover. These two covers behaved opposite to each other and inside remained
higher in cryptobiotic soil and lower bare ground cover as time pass. Species composition
also did not show a significant treatment effect. Time, however, is a significant factor
between 1984 and 1989, where cryptobiotic soil, bare ground, and species composition
did show an effect.
Between 1984-1989 and the addition of 2020 data (without Muley Twist and Red
Slide), only a treatment effect in species evenness remained. However, time reflected
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different results. Diversity (Shannon and Simpson’s), richness, species composition,
cryptobiotic soil, and bare soil all shown significant changes. Evenness and diversity
decreased in all treatments over time. Although diversity was not significant between
treatments, by 2020 diversity inside was higher than outside. There was a large increase
in cryptobiotic soil cover between historical years and 2020 in both treatments. This large
difference in percent coverage may be due to knowledge and categorization of
cryptobiotic soil and bare ground between recent versus early years. It is possible that
historically, cryptobiotic cover may not have been noted in its earlier stages (ratings 1-2)
and may have been recorded as bare ground. However, as Young (et al., 2016) suggests,
cryptobiotic soil’s biggest threat is physical disturbance. This and the lack of overall
treatment effects may be due to decreased grazing AUM’s and intensities over the
various areas of the park. By the 1990’s most allotments, besides Hartnet and Sandy 3,
were rested from grazing (NPS, 2018). Therefore, Cathedral, Post, and Red Slide have
had both treatments absent of livestock grazing for about 30 years.
Community Patterns
To better visualize these interactions between species diversity, composition,
cryptobiotic soil cover and bare ground cover over treatment and time, the following
section interprets the axes and community composition of our plots.
Ordination axis one primarily represents a geography and grazing history gradient
in vegetation community structure. On the positive end, the plants were Hilaria jamesii
and Bouteloua gracilis. Hilaria jamesii and Bouteloua gracilis are characterized as warm
season grasses (Hewins et al., 2015; Massatti and Knowles, 2020). The negative end is
dominated by Achnatherum hymenoides, a cool season grass (Hewins et al., 2015). In
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Capitol Reef National Park, grazing primarily occurs in late winter or early spring and, on
average, concludes in May (NPS, 2008). Warm season grasses such as Hilaria jamesii
tend to not be as impacted by winter grazing, as they generally emerge in the summer
season (Humphrey and Schupp, 1999) after grazing has already been removed for the
season. The positive end represents plots that are more likely grazed and occupied by
plants that are adapted to avoid or tolerate grazing.
Along axis one, our plots are broken up into roughly three groupings based on
their geography and grazing histories within the park. On the negative end of the axis are
Hartnet and Lower South Desert exclosures. These exclosure are in the northern section
of the park and have been rested from grazing since 2018. In the middle of the axis are
Cathedral, Red Slide and Post. Although these are in both the northern and southern
sections of the park, they have all been rested from grazing for about 30 years. The
positive axis, corresponding with the most warm-season grasses, are Surprise and Muley
Twist. These exclosures are both located in the southern areas of the park.
The second axis corresponds to both a drought and time gradient. These two
factors are likely conflated, and we were unable to distinguish which has a greater
influence on community structure. Species composition in all sites was distinctly
different along this axis, with plots from 1989 and 2020 occurring at the positive end.
These years correspond with “severe drought” (Figure 8a, 8b). In all other years sampled,
Palmer drought severity was “mid-range” or “moderately moist” and were not configured
in any pattern. Verwijmeren et al. (2014) found that aspect has a bigger impact on
vegetation cover than grazing, with a decline of 17.2% from north to south facing slopes.
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As south facing slopes are drier and warmer (Bennie et al., 2006, Gong et al., 2008), this
may be analogous to the response from drier conditions we observe with drought.
Axis two also represents a gradient in ground cover among the sites, bare ground
cover at the negative end and cryptobiotic soil cover on the positive. These ground cover
attributes also correlate with time and drought as 1989 and 2020 represented the years
with the greatest cryptobiotic soil cover overall (Figure 9). These trends show that
cryptobiotic soil, regardless of treatment, increased over time. As all but two sites have
had rest from grazing for at least three years, this corroborates Miller et al. (2017) and
Warren et al. (2019), where cryptobiotic soil regenerated between 1989-2020.
The third axis represents a species abundance gradient. At the negative end of the
gradient, plots associated with the lowest species abundance were observed. The sites
associated with the least abundance of species were both in 1989, Lower South Desert,
both inside and outside and Cathedral outside. In 1989, grazing was active in the
allotments where these exclosures occurred, both located in the northern region of the
park. This finding may suggest heavy grazing in this area of the allotment during this
year.
Hartnet and Lower South Desert are both characterized by communities higher in
Achnatherum hymenoides, Sporobolus cryptandrus, and Atriplex confirtifolia. Over time,
their compositions responded similarly with greater bare ground in the earlier years and
gradually were characterized by higher cryptobiotic soil over time. Their species
abundance remained similar through time; however, Lower South Desert overall had
lower abundance of the same species that occurred in the Hartnet plots. These northern
localities that have been rested from winter grazing since 2018 share more similar

48

compositions than others, despite not sharing the same ecological site. The NMS
ordination shows Hartnet and Lower South Desert share more similarities in composition
than Hartnet and Cathedral do, which share the same ecological site (Desert Alkali Sandy
Loam; USDA-NRCS, 2006).
The southern localities, Surprise and Muley Twist, both currently grazed, shared
similar compositions. They are dominated by warm-season grasses, Hilaria jamesii, and
Bouteloua gracilis and the invasive, noxious weed Bromus tectorum. These localities
have similar abundances and behave similarly over time/drought, increasing in
cryptobiotic soil cover. These two sites share the same ecological site (Semidesert
Gravelly Loam (Shadscale)), grazing history and overall composition. This similarity in
composition also supports that composition and responses of rangeland may respond
similar under similar grazing histories (Belote et. al., 2009; Condon et., al., 2018).
Cathedral, Red Slide, and Post localities share a mix of Achnatherum hymenoides
and Hilaria jamesii associated communities. They remain similar in moderate to low
cryptobiotic soil crust, species abundance, and similar composition and responses through
time. Although these localities are mixed between north and south localities and
ecological sites, these locations have all been excluded from grazing in the late 1980’s or
early 1990’s, further supporting grazing histories influence on composition over time and
response to climate drivers, such as droughts.
Interestingly, shown in our data and in the ordination, drought seems to be a
bigger overall influence over, richness, species diversity, and composition, rather than
cryptobiotic soil influences. This may explain some of our large changes over time in
these factors. Belote et al. (2009) found when observing only rangeland vegetation

49

communities at Surprise, Hartnet, and Cathedral sites (1984-1993), that grazing can alter
the way rangeland communities respond to climate by examining shifts in vegetation
community. Like this study, we observed changes in vegetation and cover during the
drought year of 1989. Belote et al. (2009) results were consistent with Loesser et al.
(2007) in Arizona, where they found grazing and climate influenced shifts in community
composition. These two studies suggest grazed plots are less resilient to climatic
variability and have greater increases in exotic annual species.
Corroborating these studies, we did generally see higher invasive species outside
than inside the exclosures with the currently grazed sites having the highest abundance.
Although we did not break up vegetation functional groups over time as Belote et al.
(2009), we found that by 2020 most plots, despite treatment, decreased in abundance over
all functional groups (trees, shrubs, grasses and forbs). This more closely reflected results
of Condon et al. (2020) where differences observed in vegetation cover were associated
with differences in plant communities and not the presence or absence of grazing.
Differences in findings from Belote et al. (2009) and Loesser et al. (2007) may be due to
longer records of drought. Belote et al. (2009) study observed vegetation shifts with only
one year of drought between a 9-year period while our study spans over 31 years. Most
years between 2000-2021 in Wayne County, where Capitol Reef is located, were plagued
by drought and the latter years being the most extreme drought conditions.
(https://www.drought.gov/states/utah/county/wayne). Our data suggest that consistent
drought over a long period affects all plant functional groups, despite grazing history and
thus may explain our lack of treatment difference over time.
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However, cryptobiotic soil did not follow the same trend as vegetation under long
drought conditions. Studies show cryptobiotic soil crust’s desiccation tolerance is one of
many life history traits that help it to colonize severe environments (Bowker, 2007;
Oliver et al., 1993). Our data supports these findings with cryptobiotic soil cover
increasing over time, despite environmental conditions, when physical disturbance
decreased. In Australia, Reed (et al., 2011) found cryptobiotic soil recovery observed
within 20 years. Inverse to cryptobiotic soil cover, bare ground decreased significantly
over time showing a pattern of areas inside exclosures consistently being higher in
cryptobiotic soil cover and lower bare ground cover. This may be due to less grazing and
trampling to create bare ground spots or bare ground being colonized by the cryptobiotic
soil. Although not significant, inside versus outside showed an effect fairly quickly in
bare ground between the treatments, seeing divergence starting two years after the
exclosures were constructed. Increased cryptobiotic cover across all sites and treatments
may be seen because the majority the sites have been recovering, both inside and outside,
since the 1990’s as grazing has been removed over time in the park in various allotments.
As some other studies suggest, cryptobiotic soil is associated with higher plant
species diversity and richness (Belnap, 2002; Harper and Belnap, 2001; Rosentreter and
Root, 2019; Stohlgren et al., n.d.). While this may still hold true, our data show that
cryptobiotic soil and vegetation do not follow the same trends, neither inside nor outside
the exclosure with increase in cryptobiotic soil cover and decrease vegetation.
Cryptobiotic soil may be more tolerant than vegetation or not able to respond as quickly.
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Inside Versus Outside in 2020
Our second hypothesis suggests in 2020, inside exclosures would show higher
cryptobiotic soil darkness ratings, differences in morphology, increased soil stability and
increased soil nutrients. Our data only partially supported this hypothesis with significant
treatment differences only in soil stability.
The darkness and thus amount of cyanobacteria in the cryptobiotic soil was
generally greater inside than outside the exclosures. This was shown by darker rated
cryptobiotic soil inside, supporting the same pattern of more cover and more developed
cryptobiotic soil versus outside, albeit not significantly different between treatments.
Greater cyanobacteria within the crust increases the soil’s resistance to wind and water
erosion by strongly binding together soil particles (Rosentreter et al.,2007).
Morphology followed the trend of greater pinnacled and rolling inside exclosures
but was also not significantly different. This is not surprising as soil morphology
generally reflects the local climate, not necessarily disturbances (Rosentreter et al., 2007).
Although smooth morphology is also corresponded with highly disturbed deserts
(Rosentreter et al., 2007). These data may provide a baseline of current conditions and
would be an interesting factor to observe if morphological changes occur over time with
changing climate.
Although there was no difference in stability under vegetation compared to the
canopy interspaces, inside locations had significantly greater soil stability averages than
outside in 2020. The biggest soil stability differences between treatments were in Muley
Twist (2.2 rating difference), Cathedral (1.8 rating difference) and Lower South Desert
(1.3 difference). Interestingly, all three of these sites have different grazing histories;
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Cathedral rested from grazing for about 30 years, Lower South Desert about three years,
and Muley Twist is currently grazed. However, soil stability overall was unexpectedly
high in all treatments, especially under extreme drought conditions. This differs from that
of Washington-Allen et al. (2010) who suggested that threats of soil erosion on grazed
lands increases in periods of reduced precipitation.
As soil stability is an essential element in landscape stability (Jimenez Aguilar et
al., 2009), it is extremely important to understand its relationship with other elements.
When performing the soil stability test, cryptobiotic soil is automatically rated as “6”, the
highest soil stability rating (Toevs et al., 2011). Sites with the greatest cryptobiotic soil
cover had higher overall stability, similar to findings in other studies of cryptobiotic soil
crust and soil health (Belnap & Gillette, 1998; Belnap and Lang, 2003; Bowker, 2007;
Bowker et al., 2008; Kirdron and Yair, 1997; Mazor et al., 1996 ). Although there was
not a significant difference between treatments in cryptobiotic soil cover, starting the year
after exclosures were built, there was a noticeable trend that inside consistently had
higher cryptobiotic soil cover. Inverse to cryptobiotic soil, bare ground cover, although
not significant, was higher outside than inside, consistently over all years.
Comparison to Ecological Site Descriptions
Our third hypothesis aimed to determine if sites currently have restored enough to
resemble their ecological reference state using 2020 data. We hypothesized that inside
treatments would show closer resemblance to their ecological reference state than outside
treatments. In many individual observed factors, our hypothesis was correct, but no
location or treatment was fully within its goal reference state. This is because at every site
and every treatment there was presence of invasive species, despite not being dominate in
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most locations. With the presence of any invasive species, the ecological site downgrades
to invasive state or potential state, per each ecological site descriptions (USDA-NRCS,
2006). There is also no site, inside or outside, that is within its ecological reference site
for all attributes which means recovery, especially of vegetation, either needs more time
or active restoration techniques.
Vegetation in all treatments across the park had cover of many groups of
vegetation that were less than their reference ecological state, mostly in shrub and grass
cover. Grasses had 5 inside and 5 outside treatments all below reference percent values.
Forbs had 4 of each treatment below reference values. For forb cover, besides Post,
percent cover was on the lower end of the reference scale. Despite treatment, cryptobiotic
soil cover is higher or within its reference state at all site locations. Contrary to
cryptobiotic cover, bare ground is lower in two of each treatment than the reference state.
The highest bare ground cover, well above its reference state inside and outside was
Muley Twist.
Inside treatments had higher ratings of cryptobiotic soil in all inside treatments,
except for Lower South Desert, Red Slide and Muley Twist. However, Muley Twist and
Red Slide both did not have fences associated with their sites. Soil stability in the
interspaces of vegetation cover showed 6 inside plots and 5 outside above references
conditions. In sites currently grazed, there are larger differences in inside versus outside
in reference site characteristics, although in many cases, both still meet reference site
conditions when comparing soil stability and cryptobiotic soil. This may be due to a
combination of many sites having the ability, both inside and outside, to passively
recover due to removed grazing and similar responses from extreme drought. These
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comparisons, however, do not give the entire picture. Dead vegetation was not counted in
this study and with 2020 being a drought year, there may have been more dead
vegetation. Like Belote et. al. (2009) found, exotic annuals, such as Bromus tectorum,
sharply decreased during drought years. The year 2020 was the most extreme drought
conditions in the past six years, which may skew the perception of recovery. For
example, Muley Twist, which has had a fence since at least the 1990’s, still showed some
treatment differences, such as in soil stability. Average inside stability was 4 while
outside was rated as a 2. However, despite this difference, cryptobiotic soil was low on
the reference site scale, albeit, still within range at 0 and 2 percent, respectively. Bare
ground was much higher, but that may to attributed to the amount of dead Bromus
tectorum. Despite being attached to its stalk, it was not considered litter nor was it
accounted for in the in-cover estimates. However, visually, the entire site was dominated
with dead stalks.
As for the exclosure location itself, vegetation functional groups and composition
inside and outside the exclosure boundaries of Muley Twist did not match the rest of the
landscape, which was dominated by a pinyon/juniper community. Instead, it was
dominated by Bromus tectorum. Here, vegetation structure has completely shifted from
its ecological reference state, yet just looking at the percent cover of grass, it looks within
reference. It is important to take into consideration what species are dominate in ESD’s in
years without drought, we may have seen live Bromus tectorum which would show a full
shift in vegetation community, but this was not evident by the data collected.
The Hartnet exclosure shares a similar story, except with the annual species
Vulpia octoflora. Despite this species being native, it shows collecting data specifically in
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a drought year may not be a true representation of the landscape’s response to grazing
over time as it has shown to drastically change landscape factors within the frame of the
drought.
With so many variables in location, soil composition, vegetation, precipitation,
and elevation, comparing multiple exclosures under multiple grazing histories and
intensities proves difficult. Climate changes may have a greater effect on landscape
changes, especially vegetation. With the combination of drought stress and grazing
pressure on shaping plant-plant interactions still not fully understood (Verwijmeren et al.,
2014), sustainable management of arid and semi-arid regions heavily depends on how
land managers understand these ecological processes (Popp et al., 2009). Continued
efforts to improve prediction of future trends of both abiotic and biotic factors under
climate change are imperative.
With this in mind, we do see recovery over time, but restoration decisions should
be taken on a site-by-site basis, as Popp et al. (2009) suggested. Depending on the
location and severity of impact, some locations may be able to recover under passive
conditions. In locations where vegetation structure severely deviates from its ecological
reference site or invasive species are increasing, recovery may not be attainable without
intervention.
Continual landscape monitoring is ideal in Capitol Reef to record long term
recovery of the rangeland. This is especially important as exclosures can be useful in
monitoring rehabilitation, but they are rarely maintained over long time scales (Bowker,
2007). These exclosures can provide a unique opportunity to observe landscape changes
and trajectories after the current drought conditions and how those differ from treatment.
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In addition, with recovery times of cryptobiotic soil varying greatly, depending on
preceding sampling (Belnap et al., 2006; 2008), it would be of immense interest to the
scientific community to observe how it responds in the upcoming years.
.
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CHAPTER III
SUMMARY OF GRAZING AND DROUGHT
IMPACT ON RANGELAND AND
FUTURE DIRECTIONS
There were a few observable differences when comparing inside versus outside
the exclosures, which suggests that grazing does have some impact on the landscape,
even after long-term rest from grazing. However, most treatment differences occurred
over the earlier years when grazing was active at all locations. By 2020, high cover of
cryptobiotic soil is evident in many locations; however, climate seems to have an
overarching effect on the land that makes our other measured factors (percent ground
cover, vegetation, soil stability, cryptobiotic soil attributes) respond similar to their
corresponding treatment. Time had a greater impact on soil and vegetation differences
than grazing treatment. For example, with time, cryptobiotic soil cover significantly
increased while bare ground decreased. There are also clearly two main time periods in
terms of community composition (i.e., 1989 and 2020 versus pre-1989), as shown by axis
two in the NMS ordination. Lack of significance between treatments in richness,
cryptobiotic soil cover, and bare ground cover over the entire dataset, 1984-2020, may be
due to grazing histories.
Hartnet and Lower South Desert are both characterized by communities higher in
Achnatherum hymenoides, Sporobolus cryptandrus, and Atriplex confirtifolia. Over time,
their compositions responded similarly with greater bare ground in the earlier years and
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gradually were characterized by higher cryptobiotic soil over time. Their species
abundance remained similar through time; however, Lower South Desert overall had
lower abundance of the same species that occurred in the Hartnet plots. These northern
localities that have been rested from winter grazing since 2018 share more similar
compositions than others, despite not sharing the same ecological site. The NMS
ordination shows Hartnet and Lower South Desert share more similarities in composition
than Hartnet and Cathedral do, which share the same ecological site (Desert Alkali Sandy
Loam; USDA-NRCS).
The southern localities, Surprise and Muley Twist, both currently grazed, shared
similar compositions. They are dominated by warm-season grasses, Hilaria jamesii, and
Bouteloua gracilis and the invasive, noxious weed Bromus tectorum. These localities
have similar abundances and behave similarly over time/drought, increasing in
cryptobiotic soil cover. These two sites share the same ecological site (Semidesert
Gravelly Loam (Shadscale), grazing history and overall composition. This similarity in
composition also supports that composition and responses of rangeland may respond
similar under similar grazing histories (Belote et. al., 2009; Condon et. al., 2018).
Grouped together in the ordination along axis one is also Cathedral, Red Slide,
and Post. These localities share a mix of Achnatherum hymenoides and Hilaria jamesii
associated communities. They remain similar in moderate to low cryptobiotic soil crust,
species abundance, and similar composition and responses through time. Although these
localities are mixed between north and south localities and ecological sites, these
locations have all been excluded from grazing in the late 1980’s or early 1990’s, further
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supporting grazing histories influence on composition over time and response to climate
drivers, such as droughts.
Although our data supported differences between both treatments and time, we
aimed to determine if sites currently have restored enough to resemble their ecological
reference state using 2020 data. We hypothesized that inside treatments would show
closer resemblance to their ecological reference state than outside treatments. In many
observed factors, our hypothesis was correct, but no location or treatment was fully
within its goal reference state. To our surprise, all sites are not in their ecological
reference state due to the presence of invasive species, despite not being dominate in
most locations. With the presence of any invasive species, the ecological site downgrades
to invasive state or potential state, per each ecological site description. There is also no
site, inside or outside, that is within its ecological reference site for all attributes which
means recovery, especially of vegetation, either needs more time or active restoration
techniques.
Vegetation in all treatments across the park, had many cover percentages less than
their reference ecological state, mostly in shrub and grass cover. Besides The Post, forb
cover was on the lower end of the reference scale. However, further supporting how
cryptobiotic soil is responding to current conditions differently. In all treatments,
cryptobiotic soil cover is higher or within its reference state. Contrary to cryptobiotic
cover, bare ground is lower is most than the reference state.
Inside treatments had higher ratings than outside in many attributes such as soil
stability and cryptobiotic cover, with less bare ground cover (Table 11). In sites currently
grazed, there are larger differences in inside versus outside in reference site
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characteristics, although in many cases, both still meet reference site conditions. This
may be due to a combination of many sites having the ability, both inside and outside, to
passively recover due to removed grazing and similar responses from extreme drought.
These comparisons, however, do not give the entire picture. Much more must be taken
into consideration. Dead vegetation was not counted in this study and with 2020 being a
drought year, there may have been more dead vegetation and annuals that did not
germinate. Like Belote et. al. (2009) found, exotic annuals, such as Bromus tectorum,
sharply decreased during drought years. The year 2020 was the most extreme drought
conditions in the past six years, which may skew the perception of recovery.
Belote et al. (2009) found that when observing only rangeland vegetation
communities at Surprise, Hartnet, and Cathedral sites (1984-1993) that grazing can alter
the way rangeland communities respond to climate. This was consistent with that of
Loesser et al. (2007) in Arizona where they found grazing and climate influenced shifts
in community composition. These two studies suggest grazed plots are less resilient to
climatic variability and have greater increases in exotic annual species. Similar with these
studies, over our sites, we did generally see higher invasive species outside than inside
the exclosures (Table 11) with the currently grazed sites having the most abundance.
Although, we did not break up vegetation functional groups over time as Belote et
al. (2009), we found by 2020 most plots, despite treatment, decreased in abundance over
all functional groups. This more closely reflected Condon et al. (2020) results where
differences observed in vegetation cover were associated with differences in plant
communities and not the presence or absence of grazing. Differences in findings from
Belote et al. (2009) and Loesser et al. (2007) may be due to the longer-term study with
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longer drought histories. Both Belote et al. (2009) and Loesser et al. (2007) studies
occurred over a nine- and eight-year period, respectively. Belote et al. (2009) used a three
of the same exclosures as our study (Surprise, Hartnet and Cathedral), and they observed
Hartnet exclosure when its allotment was being actively grazed. Our study included an
additional four exclosure locations (Lower South Desert, Muley Twist, The Post and Red
Slide), each with different grazing histories, intensities, and recovery periods. Shifts due
to drought conditions in Belote et al. (2009) were concluded based only on a singular
drought year, 1989, with all the previous year’s being mid-range (-1.99cm to +1.99cm) to
moderate moist (+2cm to +2.99cm; Figure 8a-b). A consistent drought over a long period
of time followed by even more extreme drought, may skew the perception of data and
treatments comparisons to their ecological reference site, at least in terms of vegetation.
Our data suggests that consistent drought over a long period affects all functional groups,
despite treatment, grazing history, or intensity. Ideally, data would have been gathered
during the 31-year gap to support Belote et al. (2009). However, gathering future data
with continual extreme drought conditions, would provide additional information on the
rangeland’s overall response to drought conditions.
Most years between 2000-2021 in Wayne county-where Capitol Reef is locatedwere plagued by drought with late 2020 and 2021 being the most extreme drought
condition (https://www.drought.gov/states/utah/county/wayne). Excepting 2001-2002,
2011-2012, 2019-2020, all years between 2000 and 2020, are characterized as
“abnormally dry or an even stronger drought rating (moderate drought, severe drought,
and extreme drought). These persistent drought conditions may explain the discrepancies
between our data and Belote et al. (2009). Our data suggest that consistent drought over a
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long period affects all functional groups, despite treatment. The true resilience of the
rangeland may not be observable until after the extreme drought has passed and may
reflect resilience of drought conditions, rather than grazing impacts.
With so many variables in location, soil composition, vegetation, precipitation,
and elevation, comparing multiple exclosures under multiple grazing histories and
intensities proves difficult. Although our data suggests that removing cattle did benefit
the rangeland overall and differences inside versus outside exclosures shows notable e
differences. Climate changes may have a greater effect on landscape changes, especially
vegetation. With the combination of drought stress and grazing pressure on shaping
plant-plant interactions still not fully understood (Verwijmeren et al., 2014), sustainable
management of arid and semi-arid regions heavily depends on how land managers
understand these ecological processes (Popp et al., 2009). Continued efforts to improve
prediction of future trends of both abiotic and biotic factors under climate change are
imperative.
With this in mind, we do see recovery over time, but restoration decisions should
be taken on a site-by-site basis. Depending on the location and severity of impact, some
locations may be able to recover under passive conditions. In locations where vegetation
structure severely deviates from its ecological reference site or invasive species are
increasing, recovery may not be attainable without active intervention.
Loss of cryptobiotic soil crust may be associated with crossing degradation
thresholds as they are ecosystem engineers in high abiotic stress systems (Bowker, 2007).
This threshold knowledge may benefit land managers at Capitol Reef who aim to restore
plant communities as the park shows large increases in cryptobiotic soil recovery over
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time with well-developed cryptobiotic soil cover. With loss of cryptobiotic soil important
ecosystem engineers, managers should aim to continue positive cryptobiotic soil trends in
the park.
With long-term post-disturbance and recovery data rare (Anderson et al., 2008;
Bennett et al., 2009; Reich and Lake, 2015), this study provides a unique look into the
relationship of both biotic and abiotic factors across a semi-arid rangeland. Additionally
unique, site locations across a variety grazing histories; currently grazed, rested for three
years and rested for about 30 years. Another study observing passive restoration of
vegetation and cryptobiotic soil from grazing (Condon et al., 2020) points out that across
the Great Basin, composition, and abundance of biocrusts vary with plant communities.
Therefore, restoration goals should be focused on the specific plant community.
In a previous study of cryptobiotic soil cover under a controlled warming
environment (Maestre et al., 2013), they found four years after the experiment began,
there was reduction of lichens and mosses in areas with well-developed cryptobiotic soil,
contrary to our results. As there is currently an incomplete understanding of how
cryptobiotic soil crusts will respond to climate change (Young et al., 2016), we aim to
point out the importance of understand cryptobiotic soil responses and its association
with its plant community under these more frequent drought conditions.
Further work beyond the scope of this study would include a more in-depth
analysis of how observed factors interact with each other. Like Belote et al. (2009), future
monitoring should observe changes in different vegetation functional groups over time
between treatments. This functional group delineation will provide more definitive
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evidence of long-term drought influences over plant functional group communities
between treatments.
More detailed cryptobiotic soil information, such as lichen or moss species
presence and morphological group (crustose/squamulose/foliose/fructose lichens,
short/tall mosses) can provide us more insight on soil stability, seedling establishment,
hydrology, and carbon fixation (Rosentreter et al., 2007). Recording chlorolichens and
cyanolichens separate will also provide greater information on nitrogen contributions
(Rosentreter et al., 2007).
Additionally, with soil core samples taken, we would like to observe soil bacterial
and fungal diversity among sites and treatments. Obtaining this information will help us
understand grazing effects on bacterial and microbial communities and potentially their
interactions with soil nutrients, cryptobiotic soil and vegetation. This will give us a much
larger understanding of ecosystem processes over time and under changing climates.
To confirm ecological sites more confidently, ideally, a soil pit would be dug to
match soil properties with that of the assigned ecological site. Confirming the ecological
site in the field, instead of through the various sources used, soil properties, vegetation
and geologic position can be more confidently matched. If the site deviated from the
assigned soil type and ecological site, adjustments are able to be made more efficient and
accurately.
Future goals in Capitol Reef National Park should focus on continual monitoring
of these exclosure sites. Ideally, with more detailed observations of cryptobiotic soil and
vegetation characteristics than we observed in this study. This may include detailed
community structure estimates of lichens, mosses and liverworts. Additionally, valuable
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information would be trajectories of plant communities at each specific location in future
years. How both cryptobiotic soil and vegetation interact with soil stability will give land
managers insight on how long stability takes to recover and how it is also affected by
climate change. With recovery times of cryptobiotic soil varying greatly, depending on
preceding sampling (Belnap et al., 2006, 2008), it would be of great interest to the
scientific community to observe how it responds in the upcoming years under the current
and future climate conditions. The historical data in combination with current and future
data will provide a much greater knowledge of interactions among grazing impacts, biotic
and abiotic factors, and climate. Further understanding of these interactions will better
equip land managers in arid/semi-arid range lands to make management and restoration
decisions amidst a rapidly changing climate.

66

REFERENCES
Anderson, R.S., Allen, C., Toney, J., Jass, R., Bair, A. (2008). Holocene vegetation and
forest fire regimes in subalpine & mixed conifer forests, southern Rocky
Mountains, USA. International Journal of Wildland Fire 17: pp. 96-114
Aquilar AJ, Huber-Sannwald E, Belnap J, Smart DR, Moreno JTA. (2009). Biological
soil crust exhibit a dynamic response to seasonal rain and release from grazing with
implications for soil stability. Journal Arid Environments 73:1158–1169.
Bartuszevige, A. M., Endress, B. A. (2008). Do ungulates facilitate native and exotic
plant spread?: Seed dispersal by cattle, elk and deer in northeastern Oregon.
Journal of Arid Environments, 72(6), 904–913.
https://doi.org/10.1016/j.jaridenv.2007.11.007
Belnap, J. (2002). Nitrogen fixation in biological soil crusts from southeast Utah, USA.
Biology and Fertility of Soils, 35(2), 128–135. https://doi.org/10.1007/s00374-0020452-x.
Belnap, J. (2008). Speaking with People in Our Profession: An Interview with Dr Jayne
Belnap. Rangelands, 30(1), 24–26.
Belnap, J. (2006). The potential roles of biological soil crusts in dryland hydrologic
cycles. Hydrological Processes, 20(15), 3159–3178.
https://doi.org/10.1002/hyp.6325.

67

Belnap J, Eldridge D. (2003). Disturbance and recovery of biological soil crusts. In:
Belnap J, Lange OL (eds) Biological soil crusts: structure, function, and
management. Springer-Verlag, Berlin, pp 363–383.
Belnap, J., Gillette, D. A. (1998). Vulnerability of desert biological soil crusts to wind
erosion: The influences of crust development, soil texture, and disturbance.
Journal of Arid Environments, 39(2), 133–142.
https://doi.org/10.1006/jare.1998.0388
Belnap, J., Lange, O. L. (2013). Biological Soil Crusts: Structure, Function, and
Management. Springer Science & Business Media.
Belnap J., Phillips D. L., Witwicki, Miller, M.E. (2008). Visually assessing
cyanobacterial biomass and soil surface stability in cyanobacterially dominated
biological soil crusts. Journal of Arid Environments.
Belnap, J., Reynolds, R. L., Reheis, M. C., Phillips, S. L., Urban, F. E., Goldstein, H. L.
(2009). Sediment losses and gains across a gradient of livestock grazing and plant
invasion in a cool, semi-arid grassland, Colorado Plateau, USA. Aeolian
Research, 1(1), 27–43. https://doi.org/10.1016/j.aeolia.2009.03.001
Belnap, J., Warren, S. D. (2002). Patton’s Tracks in the Mojave Desert, USA: An
Ecological Legacy. Arid Land Research and Management, 16(3), 245–258.
https://doi.org/10.1080/153249802760284793
Belote, R.T., Spence, J., Miller, M.E. (2009). Using scale-dependent multivariate control
charts to investigate how climate and grazing influence plant community dynamics
in semiarid rangelands. Manuscript in preparation.

68

Bennett, E. M., Peterson, G. D., Gordon, L. J. (2009). Understanding relationships among
multiple ecosystem services. Ecology Letters, 12(12), 1394–1404.
https://doi.org/10.1111/j.1461-0248.2009.01387.x
Bennie, J., Hill, M.O., Baxter, R., Huntley, B., (2006). Influence of slope and aspect on
long term vegetation change in British chalk grasslands. Ecology. 94 (2), 355–368
Bernstein, E. J., Albano, C. M., Sisk, T. D., Crews, T. E., Rosenstock, S. (2014).
Establishing cool-season grasses on a degraded arid rangeland of the Colorado
plateau: Establishing cool-season grasses on the Colorado plateau. Restoration
Ecology, 22(1), 57-64.
Bigelow, D., Borchers, A. (2017). Major Uses of Land in the United States, 2012 (No.
1476-2017–4340). AgEcon Search. https://doi.org/10.22004/ag.econ.263079
Bowker, M. A. (2007). Biological Soil Crust Rehabilitation in Theory and Practice: An
Underexploited Opportunity. Restoration Ecology, 15(1), 13–23.
https://doi.org/10.1111/j.1526-100X.2006.00185.x
Bowker, M. A., Miller, M. E., Belnap, J., Sisk, T. D., Johnson, N. C. (2008). Prioritizing
Conservation Effort through the Use of Biological Soil Crusts as Ecosystem
Function Indicators in an Arid Region. Conservation Biology, 22(6), 1533–1543.
https://doi.org/10.1111/j.1523-1739.2008.01036.x
Caldwell, M. M. (1985). Cold desert. Physiological ecology of North American plant
communities. Chapman and Hall, New York, New York, USA. 198-212
Cole, K. L., Henderson, N., Shafer, D.S. (1997). Holocene vegetation and historic
grazing impacts at Capitol Reef National Park reconstructed using packrat middens.
Great Basin Naturalist 57:315– 326.

69

Concostrina-Zubiri, L., Arenas, J. M., Martínez, I., Escudero, A. (2019). Unassisted
establishment of biological soil crusts on dryland road slopes. Web Ecology,
19(1), 39–51. https://doi.org/10.5194/we-19-39-2019
Condon, L. A., Pietrasiak, N., Rosentreter, R., Pyke, D. A. (2020). Passive restoration of
vegetation and biological soil crusts following 80 years of exclusion from grazing
across the Great Basin. Restoration Ecology, 28(S2), S75–S85.
https://doi.org/10.1111/rec.13021
Condon, L. A., Pyke, D. A. (2018). Resiliency of biological soil crusts and vascular
plants varies among morphogroups with disturbance intensity. Plant and Soil,
433(1), 271–287. https://doi.org/10.1007/s11104-018-3838-8
Cook, C. W., Child, R. D. (1971). Recovery of Desert Plants in Various States of Vigor.
Journal of Range Management, 24(5), 339–343. https://doi.org/10.2307/3896597
Daily, G. C., Polasky, S., Goldstein, J., Kareiva, P. M., Mooney, H. A., Pejchar, L.,
Ricketts, T. H., Salzman, J., Shallenberger, R. (2009). Ecosystem services in
decision making: Time to deliver. Frontiers in Ecology and the Environment,
7(1), 21–28. https://doi.org/10.1890/080025
Doherty, K. E., Beck, J. L., Naugle, D. E. (2011). Comparing Ecological Site
Descriptions to Habitat Characteristics Influencing Greater Sage-Grouse Nest Site
Occurrence and Success. Rangeland Ecology & Management, 64(4), 344–351.
https://doi.org/10.2111/REM-D-10-00120.1.
Duniway, M. C., Nauman, T. W., Johanson, J. K., Green, S., Miller, M. E., Williamson,
J. C., Bestelmeyer, B. T. (2016). Generalizing Ecological Site Concepts of the

70

Colorado Plateau for Landscape-Level Applications. Rangelands, 38(6), 342–349.
https://doi.org/10.1016/j.rala.2016.10.010
Fernandez, D. P., Neff, J. C., Reynolds, R. L. (2008). Biogeochemical and ecological
impacts of livestock grazing in semi-arid southeastern Utah, USA. Journal of Arid
Environments, 72(5), 777–791. https://doi.org/10.1016/j.jaridenv.2007.10.009
Frye, J. B. (1998). From barrier to crossroads: an administrative history of Capitol Reef
National Park, Utah. Volumes I and II. National Park Service.
Gaitán, J. J., Bran, D. E., Oliva, G. E., Aguiar, M. R., Buono, G. G., Ferrante, D.,
Nakamatsu, V., Ciari, G., Salomone, J. M., Massara, V., Martínez, G. G.,
Maestre, F. T. (2018). Aridity and Overgrazing Have Convergent Effects on
Ecosystem Structure and Functioning in Patagonian Rangelands. Land
Degradation & Development, 29(2), 210–218. https://doi.org/10.1002/ldr.2694
Gong, X., Brueck, H., Giese, K.M., Zhang, L., Sattelmacher, B., Lin, S. (2008). Slope
aspect has effects on productivity and species composition of hilly grassland in
the Xilin River basin, Inner Mongolia, China. Journal of Arid Environments 72
(4), 483–493.
Graham, T. (1987). Procedures for collecting data at grazing exclosure sites in Capitol
Reef National Park.
Harper, K. T., Belnap, J. (2001). The influence of biological soil crusts on mineral uptake
by associated vascular plants. Journal of Arid Environments, 47(3), 347–357.
https://doi.org/10.1006/jare.2000.0713

71

Havstad, K. M., Herrick, J. E., Schlesinger, W. H. (2000). Desert rangelands, degradation
and nutrients. In O. Arnalds & S. Archer (Eds.), Rangeland Desertification (pp.
77–87). Springer Netherlands. https://doi.org/10.1007/978-94-015-9602-2_7
Herrick, J. E., Bestelmeyer, B. T., Archer, S., Tugel, A. J., Brown, J. R. (2006). An
integrated framework for science-based arid land management. Journal of Arid
Environments, 65(2), 319–335. https://doi.org/10.1016/j.jaridenv.2005.09.003
Herrick, J.E, Van Zee, J.W., McCord, S.E, Courtright, E.M. Karl, J.W, Burkett, L.M.
(2017). Monitoring manual for grassland, shrubland and savanna ecosystems 2nd
edition. USDA-ARS Jornada Experimental Range.
Herrick, J., Whitford, W., Soyza, A., Van Zee, J., Havstad, K., Seybold, C., Walton, M.
(2001). Field soil aggregate stability kit for soil quality and rangeland health
evaluations. Catena, 44, 27–35. https://doi.org/10.1016/S0341-8162(00)00173-9
Hewins, D. B., Fatemi, F., Adams, B., Carlyle, C. N., Chang, S. X., Bork, E. W. (2015).
Grazing, regional climate and soil biophysical impacts on microbial enzyme
activity in grassland soil of western Canada. Pedobiologia, 58(5), 201–209.
https://doi.org/10.1016/j.pedobi.2015.10.003
Hiernaux, P., Bielders, C. L., Valentin, C., Bationo, A., Fernández-Rivera, S. (1999).
Effects of livestock grazing on physical and chemical properties of sandy soils in
Sahelian rangelands. Journal of Arid Environments, 41(3), 231–245.
https://doi.org/10.1006/jare.1998.0475
Holechek, J. L., Galt, D. (2000). Grazing intensity guidelines. Rangelands 22: 11-14.
Holland, E. A., Parton, W. J., Detling, J. K., Coppock, D. L. (1992). Physiological
Responses of Plant Populations to Herbivory and Their Consequences for

72

Ecosystem Nutrient Flow. The American Naturalist, 140(4), 685–706.
https://doi.org/10.1086/285435
Humphrey, L.D., Schupp, Eugene, W. (1999). Temporal patterns of seeding emergence
and early survival of Great Basin perennial plant species. The Great Basin
Naturalist. 59(1): 35-49. [29654]
Jimenez Aguilar, A., Huber-Sannwald, E., Belnap, J., Smart, D. R., Arredondo, M.
(2009). Biological soil crusts exhibit a dynamic response to seasonal rain and
release from grazing with implications for soil stability. Journal of Arid
Environments, 73(12), 1158–1169. https://doi.org/10.1016/j.jaridenv.2009.05.009
Jolliffe I., Cadima J. (2016). Principal component analysis: a review and recent
development. Phil. Trans. R. Soc. A. 374:20150202.
Loeser, M. R. R., Sisk, T. D., Crews, T. E. (2007). Impact of Grazing Intensity during
Drought in an Arizona Grassland. Conservation Biology, 21(1), 87–97.
https://doi.org/10.1111/j.1523-1739.2006.00606.x
Maestre, F. T., Escolar, C., Guevara, M. L. de, Quero, J. L., Lázaro, R., DelgadoBaquerizo, M., Ochoa, V., Berdugo, M., Gozalo, B., Gallardo, A. (2013).
Changes in biocrust cover drive carbon cycle responses to climate change in
drylands. Global Change Biology, 19(12), 3835–3847.
https://doi.org/10.1111/gcb.12306
Massatti, R., Knowles, L. L. (2020). The historical context of contemporary climatic
adaptation: A case study in the climatically dynamic and environmentally
complex southwestern United States. Ecography, 43(5), 735–746.
https://doi.org/10.1111/ecog.04840

73

Mazor, G., Kidron, G. J., Vonshak, A., Abeliovich, A. (1996). The role of cyanobacterial
exopolysaccharides in structuring desert microbial crusts. FEMS Microbiology
Ecology, 21(2), 121–130. https://doi.org/10.1111/j.1574-6941.1996.tb00339.x
McCune, B., Grace, J. (2002). Analysis of Ecological Communities. MjM Software
Design, Gleneden Beach, Oregon.
McCune, B., Mefford M. (2018). PC-ORD. Multivariate Analysis of Ecological Data.
Version 7.08
McNaughton, S. J., Banyikwa, F. F., McNaughton, M. M. (1997). Promotion of the
Cycling of Diet-Enhancing Nutrients by African Grazers. Science, 278(5344),
1798–1800. https://doi.org/10.1126/science.278.5344.1798
Mielke, P.W. (1984). Meteorological applications of permutation techniques based on
distance functions. In Handbook of Statistics. Edited by P. R. Krishnaiah and P.K.
Sen. Elsevier Science Publishers, Amsterdam, NL. pp. 813-830.
Miller, J. R. (2005). Biodiversity conservation and the extinction of experience. Trends in
Ecology & Evolution, 20(8), 430–434. https://doi.org/10.1016/j.tree.2005.05.013
Miller, S., Warren, S., Clair, L. S. (2017). Don’t bust the biological soil crust: Preserving
and restoring an important desert resource. Science You Can Use Bulletin, Issue
23. Fort Collins, CO: Rocky Mountain Research Station. 10 p.
https://www.fs.usda.gov/treesearch/pubs/53680
National Aeronautics and Space Administration. (2019). Dataset and Images. Datasets
and Images. https://data.giss.nasa.gov/
National Park Service. (2017). Climate Change on the Southern Colorado Plateau.
National Parks Service. https://www.nps.gov/articles/southern-colorado-climate-

74

change.htm#:~:text=The%20combination%20of%20high%20elevation,experienced
%20in%20the%20recent%20past.
National Park Service. (2018). Capitol reef national park livestock grazing and trailing
management plan and environmental assessment.
National Park Service. (2020). Climate Monitoring.
https://www.nps.gov/im/scpn/climate.htm#:%7E:text=Although%20climate%20pat
terns%20on%20the,the%20Plateau%20to%20the%20northwest
National Park Service. (2021). Grassland Health on Grazed and Ungrazed Lands at
Capitol Reef National Park.
https://www.nps.gov/articles/000/ncpn_careuptrends20.htm
Neff, J. C., Reynolds, R. L., Belnap, J., Lamothe, P. (2005). Multi-Decadal Impacts of
Grazing on Soil Physical and Biogeochemical Properties in Southeast Utah.
Ecological Applications, 15(1), 87–95. https://doi.org/10.1890/04-0268
Noy-Meir, I. (1973). Desert Ecosystems: Environment and Producers. Annual Review of
Ecology and Systematics, 4(1), 25–51.
https://doi.org/10.1146/annurev.es.04.110173.000325
Okin, G. S. (2008). A new model of wind erosion in the presence of vegetation. Journal
of Geophysical Research: Earth Surface, 113(F2).
https://doi.org/10.1029/2007JF000758
Oliveira Filho, J. de S., Vieira, J. N., Ribeiro da Silva, E. M., Beserra de Oliveira, J. G.,
Pereira, M. G., Brasileiro, F. G. (2019). Assessing the effects of 17 years of
grazing exclusion in degraded semi-arid soils: Evaluation of soil fertility,

75

nutrients pools and stoichiometry. Journal of Arid Environments, 166, 1–10.
https://doi.org/10.1016/j.jaridenv.2019.03.006
Oliver, M. J., Mishler, B. D., Quisenberry, J. E. (1993). Comparative Measures of
Desiccation-Tolerance in the Tortula Ruralis Complex. I. Variation in Damage
Control and Repair. American Journal of Botany, 80(2), 127–136.
https://doi.org/10.1002/j.1537-2197.1993.tb13779.x
Peters, D.A., Barrow, D., Havstad, J., Tartowski, K., Bestelmeyer, S., Lucero, B., Rango,
M., Estella A., Frederickson, R., Herrick, J. (2006). Technologies for management
of arid rangelands: annual report. USDA, Agricultural Research Services, Las
Cruces, New Mexico.
Poitras, T. B., Villarreal, M. L., Waller, E. K., Nauman, T. W., Miller, M. E., Duniway,
M. C. (2018). Identifying optimal remotely-sensed variables for ecosystem
monitoring in Colorado Plateau drylands. Journal of Arid Environments, 153, 76–
87. https://doi.org/10.1016/j.jaridenv.2017.12.008
Popp, A., Domptail, S., Blaum N., Jeltsch, F. (2009). Land use experience does not
qualify for adaptation to climate change. Ecological Modeling 220: 694-702.
Pyke, D. A., Herrick, J. E., Shaver, P., Pellant, M. (2002). Rangeland health attributes
and indicators for qualitative assessment. Journal of Range Management, 55(6),
584-597.
Read, C. F., Duncan, D. H., Vesk, P. A., Elith, J. (2011). Surprisingly fast recovery of
biological soil crusts following livestock removal in southern Australia. Journal of
Vegetation Science, 22(5), 905–916. https://doi.org/10.1111/j.16541103.2011.01296.x

76

Reich, P., Lake, P. S. (2015). Extreme hydrological events and the ecological restoration
of flowing waters. Freshwater Biology, 60(12), 2639–2652.
https://doi.org/10.1111/fwb.12508
Reynolds, R., Neff, J., Reheis, M., Lamothe, P. (2006). Atmospheric dust in modern soil
on aeolian sandstone, Colorado Plateau (USA): Variation with landscape position
and contribution to potential plant nutrients. Geoderma, 130(1), 108–123.
https://doi.org/10.1016/j.geoderma.2005.01.012
Rosentreter, R., M. Bowker, J. Belnap. (2007). A field guide to biological soil crusts of
western U.S. drylands. U.S. Government Printing Office, Denver, CO.
Rosentreter, R., Root, H. T. (2019). Biological soil crust diversity and composition in
southwest Idaho, U.S.A. The Bryologist, 122(1), 10–22.
https://doi.org/10.1639/0007-2745-122.1.010
SAS Institute Inc. (2014). SAS® OnDemand for Academics: User's Guide. Cary, NC:
SAS Institute Inc.
Schulz, K., Voigt, K., Beusch, C., Almeida-Cortez, J. S., Kowarik, I., Walz, A.,
Cierjacks, A. (2016). Grazing deteriorates the soil carbon stocks of Caatinga
forest ecosystems in Brazil. Forest Ecology and Management, 367, 62–70.
https://doi.org/10.1016/j.foreco.2016.02.011
Schwinning, S., Belnap, J., Bowling, D. R., Ehleringer, J. R. (2008). Sensitivity of the
Colorado Plateau to Change: Climate, Ecosystems, and Society. Ecology and
Society, 13(2). http://www.jstor.org/stable/26268003
Seager, R., Ting M., Held I., Kushnir Y., Lu J., Vecchi G., Huan H., Harnik N., Leetmaa,
A., Lau A., Li, C., Velez, J., Naik, N. (2007). Model projections of an imminent

77

transition to a more arid climate in southwestern North America. Science
316:1181–1184.
Snow, A. (1953). Before the pioneers came. In rainbow views: A history of wayne
county. Art City Publishing Company. Pp 3-4.
Sousa, W. P. (1984). Intertidal Mosaics: Patch Size, Propagule Availability, and Spatially
Variable Patterns of Succession. Ecology, 65(6), 1918–1935.
https://doi.org/10.2307/1937789
Spiegal, S., Huntsinger, L., Hopkinson, P., Bartolme, J. W. (2016). Range Ecosystems. In
H. MOONEY, E. ZAVALETA, & M. C. CHAPIN (Eds.), Ecosystems of
California (1st ed., pp. 835–864). University of California Press.
http://www.jstor.org/stable/10.1525/j.ctv1xxzp6.42
Stohlgren, T. J., Guenther, D. A., Evangelista, P. H., Alley, N. (2005). Patterns of Plant
Species Richness, Rarity, Endemism, and Uniqueness in an Arid Landscape.
Ecological Applications, 15(2), 715–725. https://doi.org/10.1890/03-5352
Stohlgren, T. J., Otsuki, Y., Villa, C. A., Lee, M., & Belnap, J. (n.d.). Patterns of Plant
Invasions: A Case Example in Native Species Hotspots and Rare Habitats. 14.
Tainton, N.M., Drewes, R.H., Rethman, N.F.G. & Donaldson, C.H. (2000). Radical veld
improvement. In: Tainton, N.M. (Ed.)Pasture Management in South Africa, pp.
120–133. Scottsville, South Africa: University of Natal Press. 355 pp.
Toevs, G. R., Karl, J. W., Taylor, J. J., Spurrier, C. S., Karl, M. “Sherm,” Bobo, M. R.,
Herrick, J. E. (2011). Consistent Indicators and Methods and a Scalable Sample
Design to Meet Assessment, Inventory, and Monitoring Information Needs

78

Across Scales. Rangelands, 33(4), 14–20. https://doi.org/10.2111/1551-501X33.4.14
United States Department of Agriculture, Natural Resources Conservation Service.
National range and pasture handbook. (2006). USDA–NRCS, Handbook
.H_190_NRPH, Washington, DC, USA.
United States Department of Agriculture, Natural Resources Conservation Service, and
United States Department of the Interior, National Park Service. (2014). Soil survey
of Capitol Reef National Park, Utah. http://soils.usda.gov/survey/ printed_surveys/)
Vallentine, J.F. Grazing management, 2nd edition. (2001). New York, New York:
Academic Press.
Verrecchia, E., Yair, A., Kidron. G.J., Verrecchia, K. (1995) Physical properties of the
psammophile cryptogamic crust and their consequences to the water regime of
sandy soils, north-western Negev Desert, Israel. Journal of Arid Environment. 29,
427-437.
Verwijmeren, M., Rietkerk, M., Bautista, S., Mayor, A. G., Wassen, M. J.,Smit, C.
(2014). Drought and grazing combined: Contrasting shifts in plant interactions at
species pair and community level. Journal of Arid Environments, 111, 53–60.
https://doi.org/10.1016/j.jaridenv.2014.08.001
Ware, I. M., Terletzky, P., Adler, P. B. (2014). Conflicting management objectives on the
Colorado Plateau: Understanding the effects of bison and cattle grazing on plant
community composition. Journal for Nature Conservation, 22(4), 293–301.
https://doi.org/10.1016/j.jnc.2014.02.004

79

Warren, S. D., St. Clair, L. L., Leavitt, S. D. (2019). Aerobiology and passive restoration
of biological soil crusts. Aerobiologia, 35(1), 45–56.
https://doi.org/10.1007/s10453-018-9539-1
Washington-Allen, R. A., West, R., Ramsey D., Phillips, D.H, Shugart, H. (2010).
Retrospective assessment of dryland soil stability in relation to grazing and climate
change. Environmental Monitoring and Assessment 160: 101-121.
Williams, J. (1989). Influences on microphytic crusts on selected soil hydrologic and
erosional properties in the hartnet draw in and near capitol reef national park,
Utah. Department of Range Science Utah State University.
Williams, J., Dobrowolski J.P., West N.E, Gillette, D.A. (1995). Microphytic crust
influence on wind erosion. American Society of Agricultural Engineers.
38(1):131-137.
Winkler, D. E., Backer, D. M., Belnap, J., Bradford, J. B., Butterfield, B. J., Copeland, S.
M., Duniway, M. C., Faist, A. M., Fick, S. E., Jensen, S. L., Kramer, A. T., Mann,
R., Massatti, R. T., McCormick, M. L., Munson, S. M., Olwell, P., Parr, S. D.,
Pfennigwerth, A. A., Pilmanis, A. M., Reed, S. C. (2018). Beyond traditional
ecological restoration on the Colorado Plateau. Restoration Ecology, 26(6), 1055–
1060. https://doi.org/10.1111/rec.12876
Yang, J., Weisberg, P. J., Bristow, N. A. (2012). Landsat remote sensing approaches for
monitoring long-term tree cover dynamics in semi-arid woodlands: Comparison
of vegetation indices and spectral mixture analysis. Remote Sensing of
Environment, 119, 62–71. https://doi.org/10.1016/j.rse.2011.12.004

80

Young, K. E., Grover, H. S., Bowker, M. A. (2016). Altering biocrusts for an altered
climate. New Phytologist, 210(1), 18–22. https://doi.org/10.1111/nph.13910

81

